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ABSTRACT

Application of the Picoloyl Substituent in Carbohydrate Chemistry
Michael P. Mannino
Doctor of Philosophy, University of Missouri – St. Louis
Prof. Alexei V. Demchenko, Advisor

Stereocontrol of glycosylation reactions is a constant struggle in the field of
synthetic carbohydrate chemistry. The application of the picoloyl (Pico) substituent can
offer numerous stereocontrolling avenues. The most popular application is the
Hydrogen-bond-mediated Aglycone Delivery (HAD) method that provides excellent
selectivity in the glycosylation of a variety of sugar substrates. The HAD method relies
on the formation of an intermolecular hydrogen bond between the nitrogen atom of the
Pico substituent on the glycosyl donor with the hydroxyl group of the glycosyl acceptor.
This interaction provides a facial preference for the nucleophilic attack and hence
provides powerful stereocontrol for the glycosidic bond formation. A significant utility
of the HAD method has been previously demonstrated in the stereocontrolled αglycosylation and multi-step synthesis of α-linked oligosaccharides.
Described herein is the application of the Pico group to β-stereoselective synthesis
of carbohydrates. Upon introducing new reaction conditions, we uncovered a new
mechanistic pathway by which the Pico-substituted substrates may react. The in-depth
mechanistic studies were designed to uncover the details of the new mechanistic
ii

pathway. Investigation of the reaction intermediates by high-field NMR led to the
identification of a quasi-stable glycosyl triflate that was deemed to be the key
intermediate of the reaction. This study demonstrates a novel method for glycosyl triflate
formation that may have broad applications in the field of organic chemistry. In the
application to the β-stereoselective synthesis of glycans, the glycosyl triflate intermediate
was credited for excellent stereoselectivity achieved.
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CHAPTER 1

Hydrogen-bond-mediated Aglycone
Delivery (HAD) Method in
Carbohydrate Chemistry
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1.1.

Introduction
The glycosylation reaction is the cornerstone of chemical carbohydrate synthesis.

This reaction entails the formation of a glycosidic bond from the anomeric center of the
glycosyl donor to the heteroatom of the acceptor molecule. These bonds can form either
the 1,2-cis or the 1,2-trans anomers. Without an outside influence on stereochemistry,
both anomers are formed in racemic mixtures. This can lead to difficulties in purification
and lower yields of the desired anomer, causing complications in the preparation of target
compounds.

1.2.

Concepts of the neighboring group participation and aglycone delivery in
carbohydrate chemistry
Methods to gain stereocontrol in glycosylation reactions have been developed and

employed by many synthetic carbohydrate groups around the world. These methods
typically involve the use of various protecting groups or reaction conditions in order to
influence stereoselectivity. Perhaps the most popular and common of these methods is
neighboring group participation. In this method an acyl protecting group is placed at the
C-2 position of a sugar and, upon activation, blocks one half of the reaction site. This
allows for the approach of the nucleophile to occur from the opposite side only, resulting
in the stereoselective formation of 1,2-trans glycosidic bonds (Scheme 1.1).
Our lab has introduced a complementary method for the synthesis of 1,2-trans
glycosides. Differently from the participating effect of the C-2 acyl or ester group, this
method is based on an ether-type substituent. We demonstrated that 1,2-trans selectivity
can be achieved with the use of a 2-O-picolinyl (Pic) moiety that is also capable of

Mannino | UMSL 2019 | Page 3

efficient participation.1 The participation mode was studied by a variety of techniques,
and the six-membered intermediate, shown in Scheme 1.1, was proven by 2D NMR
experimentation.
Scheme 1.1. Known concepts for glycosylation via neighboring group participation

Neighboring group participation offers one of the most powerful tools to direct
the stereoselectivity of glycosylation reactions. These neighboring group participation
effects can only produce 1,2-trans glycosides. Similar participation from remote positions
has also been proposed, but has been heavily debated. Boons and co-workers developed a
participating group capable of the participation from the opposite face of the ring giving
rise to 1,2-cis linked glycosides.2 On activation of the glycosyl donor, the resulting
oxacarbenium ion is attacked by a nucleophilic moiety via the six-membered
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intermediate shown in Scheme 1.1. The selectivity is highly dependent on the
configuration of the asymmetric center of the chiral protecting group. The auxiliary with
(S)-stereochemistry would favor the trans-decalin-like intermediate to accommodate the
bulky phenyl group in the pseudo-equatorial position of the newly formed six-membered
ring. As a result, the nucleophilic attack of the glycosyl acceptor will occur from the
bottom face leading to 1,2-cis-linked glycosides. This participating auxiliary approach
underwent a number of conceptual improvements by Boons3 and others.4 In spite of these
extended efforts, there is a need for general and reliable methods that will provide high
stereoselectivity with a broad range of substrates.
Intramolecular aglycone delivery,5 “aglycon” in the original literature, is an
intramolecular glycosylation approach that was invented by Barresi and Hindsgaul and it
is commonly abbreviated as IAD.6 Overall, this is a two-step process: first, formation of
the intermolecular ketal between the donor and acceptor counterpart, and then subsequent
glycosylation directly on the ketal oxygen of the glycosyl acceptor. The distinctive
characteristic of the IAD method is that the glycosyl donor is covalently tethered via the
hydroxyl of the glycosyl acceptor. In all other intramolecular glycosylation approaches,7
the acceptor is linked away from the hydroxyl that is to be glycosylated. Stork and Bols
independently demonstrated that silicon bridge-mediated aglycone delivery helps to
enhance the yields while maintaining excellent stereocontrol.8 Subsequently, the Bols
group expanded the scope of the IAD method by investigating long-range tethering.9 In
this application, the attachment was placed away from the anomeric center offering a
more flexible mode for obtaining either 1,2-cis or 1,2-trans linkages depending on the
placement of the tether. Among a variety of attachment points, only tethering from the C-
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4 position showed some promise favoring the formation of the 1,4-syn products, whereas
the IAD from the C-3 position afforded a mixture of diastereomeric glycosides. An
alternative linker was developed by Ito and Ogawa who implemented DDQ-mediated
oxidative transformation of p-methoxybenzyl (PMB) protecting group.10 More recently,
this approach has been extended to a (2-naphthyl)methyl as a tether group that gave
excellent stereoselectivity and yields for a variety of synthetic applications (Scheme
1.2).11
Scheme 1.2. A concept of the intramolecular aglycone delivery

1.3.

The concept of the H-bond-mediated Aglycone Delivery (HAD)
Recently a new stereoselective glycosylation method has been reported known as

the hydrogen-bond-mediated aglycone delivery (HAD). The advantage with HAD is that
it can achieve either 1,2-cis and 1,2-trans stereoselectivity for a variety of sugars.14-15,1822

In the hydrogen-bond-mediated aglycone delivery method the glycosyl donor is

functionalized with a protecting group capable of acting as a hydrogen bond acceptor
(HBA). This substituent forms a hydrogen bond with the hydroxyl group of the glycosyl

Mannino | UMSL 2019 | Page 6

acceptor, forming a donor-acceptor complex. Upon activation, the glycosidic bond is
formed stereoselectively in syn fashion with respect to the HBA group, as depicted in
Scheme 1.3.
Scheme 1.3. H-bond-mediated Aglycone Delivery (HAD)

This methodology was discovered by trying to extend the Pic-mediated
neighboring group participation effect1,

12

from the C-2 position to remote positions.

Surprisingly, the unexpected syn-selectivity with respect to the remote Pic group was
obtained instead of the anticipated anti-selectivity as obtained with 2-Pic. This was
attributed to the hydrogen bond tethering of donor and acceptor via the Pic nitrogen. In
support of this observation, Pic-mediated hydrogen bonding has previously been shown
to occur intramolecularly in glucosyl substrates.13

1.4.

Protecting groups for the HAD
The most important component of the HAD glycosylation method is the hydrogen

bond accepting protecting group. This moiety is placed on the glycosyl donor and forms

Mannino | UMSL 2019 | Page 7

the crucial interaction with the free hydroxyl of the glycosyl acceptor, tethering the two
and allowing for stereoselective bond formation. Since this method’s discovery in 2012, a
handful of both ether and ester-type HAD capable groups have been identified and
applied in a variety of syntheses, Table 1.1.
The original HBA groups disclosed were the picoloyl (Pico) and picolinyl (Pic)
groups.14 These substituents are ester- and ether-type ortho-pyridine moieties that form
H-bonds with the sp2 aromatic ring nitrogen atom. Perhaps owing to its limited
orthogonality, the Pic group has been seldom used after its initial reporting with glucosyl
and galactosyl donors. The Pico group on the other hand has been utilized for HAD
glycosylations for a number of different pyranosyl and furanosyl substrates, both for
methodology studies and targeted synthesis.14-15 This group’s popularity is perhaps due to
its facile addition and removal. Standard coupling chemistry can be applied for the
addition of Pico but more impressive is this group’s removability. Like the majority of
ester groups, the picoloyl ester is readily removed under standard Zemplen reaction
conditions16 employing sodium methoxide in methanol (NaOMe/MeOH). More
importantly, this group can be chemoselectively removed in the presence of all other
protecting groups, including other esters, by using cupper(II) or zinc(II) acetates,
Cu(OAc)2 and Zn(OAc)2.17 This appealing chemistry has been utilized in the synthesis of
a number of different target compounds. Furthering the broad applicability of this group
is its ability to provide the stereoselectivity via the HAD pathway at various remote
positions of the glycosyl donor. Derivatives of this group have not fared as well. Ortho-,
para-pyrimidyl18 and para-nitropicoloyl19 have been shown to offer little to no selectivity
in glycosylations.
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Shortly after the initial reporting of HAD, 2-quinolinecarbonyl (Quin) was also
shown to perform HAD type glycosylations. This group has mainly been applied to the
stereoselective synthesis furanosides,15e, 18, 20 with one exception of pyranosides.19 Being
an ester-type protecting group its introduction is straightforwardly performed under
coupling conditions. Despite this group’s similarity with Pico, only Zemplen conditions
have been reported for its removal. The furanosyl selectivity provided by the Quin group
is optimal from the C-5 position for a majority of glycosyl donor substrates.
Less used is the ortho-cyanobenzyl (BCN) ether-protecting group that acts as an
H-bond acceptor through the sp-hybridized ortho-cyano nitrogen atom of the benzyl
substituent. This group’s ability to function as a HAD capable moiety is based on the
reactivity of the corresponding glycosyl acceptor, with the less reactive or more electron
deficient acceptors providing syn-selectivity. Perhaps another reason for this group’s
limited use is its location requirement. HAD selectivity has only been achieved with BCN
from the C-2 position. Furthermore, the glycosyl donor substrate scope has been so far
limited to benzylated glucosides.21
One of the more recent HAD capable substituents is the ortho-tosylamidobenzyl
(TAB) ether-type protecting group. Unique to this group is its H-bond tethering
mechanism to the hydroxyl of the glycosyl acceptor, which is proposed to occur from the
proton and oxygen of the sulfonamide to the oxygen and proton of the glycosyl acceptor
hydroxyl respectively. The stereoselectivity of this group has been achieved from the C-2
position of mannosyl22 and, arguably, glucosyl15d donors. This new chemistry is attractive
but suffers from labor intensive introduction and deprotection steps. Introduction is
performed with standard sodium hydride mediated substitution of the commercially
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available ortho-azido benzyl bromide. Subsequent reduction of the azide group and
tosylation provide the TAB group in three steps total. Other than non-specific
hydrogenation, TAB can be selectively removed in a four-step process involving tertbutyloxycarbonyl (Boc) introduction, magnesium-based tosyl deprotection, Boc removal
with trifluoroacidic acid (TFA), and finally 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) at 110 oC is applied for the selective deprotection of the resulting ortho-amine
benzyl group. Although somewhat laborious, the authors claim this chemoselective
deprotection protocol can be achieved within 24 hours.
Table 1.1 HAD Capable Protecting Groups
HAD protecting
group

Pico

Mechanism of Hbond accepting

Introduction
conditions

Removal
conditions

Glycosyl
donors used

Reference

Coupling
reagent

NaOMe or
Cu(OAc)2

Glc, Man,
Gal, Rha,
deoxy
sugars, Araf

14, 15

NaH, DMF

H2, Pd/C

Glc and Gal

14

Coupling
reagent

NaOMe

Araf, Galf,
KDO

15e, 18, 20,
19

NaH, DMF

H2, Pd/C

Glc

21

1) NaH, DMF
2) reduction 3)
tosylation of
amine

H2, Pd/C or
3 step
procedure

Man

22

Pic

Quin

BCN

TAB
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A common method of determining the involvement of hydrogen bonding is to
compare the results of HBA protecting groups with their counterparts lacking such a
capability. For example, the stereoselectivity obtained using a Pico bearing donor can be
compared with that of the donor quipped with a benzoyl functionality. These structurally
similar protecting groups differ only by the presence of a nitrogen, which has been shown
to be crucial when acting as a HBA. A drastic change in selectivity would confirm the
involvement of the nitrogen in the mechanistic pathway, which strongly suggests HAD.
This quick and simple method has been applied to mannosides,15a glucosides,14, 15b and
glycosides of deoxysugars.15c The change to benzoyl often results in complete reversal of
selectivity, which is attributed to remote participation. A similar comparison of the
naphthyl and Quin protecting group in KDO donors.19

1.5.

Reaction conditions that favor the HAD
The originally optimized conditions for the HAD glycosylation consisted of

performing dilute reactions, 5 mM, at low temperatures, -30 °C. These conditions were
found optimal for hydrogen bonding and decrease the probability of non-stereoselective
attacks from non-hydrogen-bonded nucleophiles. Although these conditions were
commonly used,15f, 15g, 18, 20 temperature and concentration alterations were found to be
beneficial in some cases. The applied temperature ranged from -80 °C15e to room
temperature.15a Low temperature in some cases was used to avoid side product formation
with deoxy donors.15c, 19
A variety of leaving groups and promoters have been used for HAD
glycosylations. Thioglycosides are the commonly used14-15, 15f, 15g, 18-20 and were typically
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activated with dimethyl(methythio)sulfonium trifluoromethanesulfonate (DMTST) or a
combination of NIS with catalytic TfOH or TMSOTf. Phosphate and trichloroacetimidate
(TCAI) leaving groups were also successfully employed. The former was activated with
ZnI222 while TCAI donors were typically activated with catalytic TMSOTf.15e, 18
Bromine has also been used a promoter in HAD glycosylations.15b Glucosyl
donors bearing the C-4 Pico group exhibited stereoselectivity with a number of different
glycosyl and aliphatic acceptors. Furthermore, using bromine was also shown to activate
a wide variety of leaving groups such as: alkyl and aryl thioglycosides, as well as thio
and oxy imidates. Mercury bromide could be added to this reaction to improve yield and
reaction time. The formation of a glycosyl bromide intermediate was proven by NMR.
Scheme 1.4. Bromine assisted HAD glycosylations

1.6.

Stereocontrolled synthesis of glycosidic bonds
The HAD glycosylation method has been applied to a wide variety of glycosyl

substrates. The majority of these reactions are designed to target 1,2-cis glycoside
products with few exceptions. In most cases the scope of the glycosyl acceptor was found
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to be broad, demonstrating the stereoselective formation of glycosidic linkages of many
types.

1.6.1. α-Glucosides
Glucosyl donors were the first substrates used to investigate the HAD
methodology.14 Due to the orientation of the glucosyl substituents, both α- and βglycosides can and have been obtained with HAD. The original and subsequent work by
Demchenko et. al. showed that selectivity is optimal when the Pico is functionalized at
the C-4 or C-6 position. The 4-O-Pico donor offered exceptional (typically >25:1) 1,2-cis
selectivity with primary and secondary glycosyl and aliphatic acceptors, Scheme 1.5.14,
15b, 21

The 2-BCN directing group has also been shown to perform HAD type
glycosylations with glucosyl donor, forming 1,2-cis α-glucosides. This selectivity was
demonstrated with disarmed, or electron poor, substrates (vide supra). This, typically
complete, selectivity was observed for a wide variety of primary and secondary glycosyl
and aliphatic acceptors as long as they were heavily disarmed.21
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Scheme 1.5. 4-Pico glucosyl donor reaction with various acceptors

-

All reactions were promoted with DMTST, -30 °C, 5 mM of donor 1.1 in DCE

1.6.2. β-Glucosides
Although not as potent as its ester-type counterpart, Pico, the Pic protecting group
has also been applied to HAD glycosylation with glucosyl donors. These donors have
shown optimal selectivity with functionalization at the C-3 (α:β = 1:15.6) and C-6
position (α:β = 1:11.8) with primary acceptors. This β-selectivity from the C-3 position is
in fact optimal under all reaction conditions, while that from the C-6 position requires an
α-oriented leaving group (α:β = 1:2.4 with β-SEt, α:β = 1:11.8 with α-SEt).14 The
synthesis

of

β-glucosides

using

the

HAD

approach,

however,

remains

an

underrepresented area of research, and this Thesis is dedicated to broadening the scope of
this approach with the focus on β-glycosylation (Chapters 3-5).
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1.6.3. β-Mannosides
The HAD glycosylation method has also been applied to obtain the highly
desirable 1,2-cis β-mannosides. The advantage this methodology provides compared to
other β-mannosylation protocols is the high variety of reliable donor substrates known to
participate. For example, the very simple benzylated 6-Pico donor provides good
selectivity with primary acceptors (α:β = 1:9.5) and modest selectivity with secondary
acceptors (α:β = 1:5).14-15 This selectivity was significantly improved upon by modifying
the donor protecting groups. In particular excellent selectivity (α:β = 1:18.5) was seen
with 3-Pico donor equipped with 4,6-di-O-benozyl protecting group. Surprisingly, this
glycosyl donor did not fare as well with secondary acceptors, instead good selectivity was
exhibited with the 3-Pico-4,6-O-benzylidene donor (α:β = 1:10 being the best, Scheme
1.6A.15a
Recently the TAB protecting group, reported by Ding and coworkers,
demonstrated near complete β-mannoside formation with both primary and secondary
acceptors. These exceptional selectivities were obtained with benzylated 2-TAB
mannosyl donors with specific HAD conditions. Additionally, tertiary aliphatic and
biologically acceptors, such as peptides and steroids, have been glycosylated with high
selectivity, Scheme 1.6B.22
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Scheme 1.6. HAD mannosylation reactions

1.6.4. Furanosides
Furanose containing glycans can be found in a multitude of biologically relevant
compounds, making their stereoselective syntheses important. The Yang lab has been
heavily influential in applying the HAD method to various furanosylations, typically
employing the Quin protecting group. For example, galactofuranosyl donors
functionalized with 5-Quin afforded complete or a nearly complete 1,2-cis α-selectivity
for both primary, secondary, and phenolic acceptors.20a, 20b However, donors bearing the
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Quin group at the C-6 position showed modest to no selectivity.20b This difference was
proposed to be due to the increased rigidity of the HBA substituent at the C-5 position
opposes to the flexible C-6.
Arabinofuranosyl donors have also been shown to perform well in HAD
glycosylation leading to 1,2-cis β-linkages with a variety of acceptors. Comparative
investigation of HBA protecting groups revealed modest to good selectivity with 5-Pico
bearing donors. The selectivity observed with primary acceptors was dependent on the
steric and electronics of the acceptor, with a range of α:β = 1:5 to complete β-selectivity.
Amino acid, phenolic, and secondary acceptors followed a similar trend.15e
Improved arabinofuranosylation results were obtained using 5-Quin protected Dand L-donors, which offered a near complete or complete selectivity with a wide variety
of phenolic, primary, and amino acid acceptors.18, 20a, 20c Sterically hindered acceptors
exhibited slightly reduced stereoselectivities, α:β = 1:20 and 1:7 with secondary and
tertiary acceptors respectively, as illustrated in Scheme 1.7.18
Scheme 1.7. D- and L-Arabinofuranosylation reactions

1.6.5. Glycosides of 2-deoxysugars
An attractive prospect of the HAD glycosylation methodology is its application
with 2-deoxy substrates. Without an adjacent substituent to the anomeric center of the
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glycosyl donor, neighboring group participation is not possible. Because the HAD
method utilizes HBA groups at remote positions, this limitation with 2-deoxy sugars can
be accommodated.
The Pico protecting group has been employed at C-4 and C-6 positions to obtain
α- and β-selectivity respectively with 2-deoxy glucosyl donors. The observed
stereoselectivities were optimal with primary acceptors, α:β = 1:10 with 6-Pico and α:β =
12:1 with 4-Pico. Comparatively, the use of 6-Pico-2-deoxy galactosyl donors
demonstrated improved selectivity with both primary and secondary acceptors, α:β = 1:19
for both.15c

1.6.6. KDO glycosides and α-Sialosides
Similarly, the HAD method has also been applied to keto-3-deoxy-oct-2-ulosonic
acid (KDO) substrates to obtain β-linkages. The Quin protecting group was investigated
at C-4 and C-5 positions, but 4-Quin exhibited practically no stereoselectivity. On the
other hand, donors bearing 5-Quin provided complete β-selectivity with primary
acceptors. Unfortunately, this selectivity was completely reversed with secondary
acceptors (Scheme 1.8).19
Recently this methodology was also extended to sialic acid donors. Originally
reported by the De Meo lab,20d it was determined that donors functionalized with Pico at
the C-4 position provided good α-stereoselectivity with primary acceptors (14:1). These
reactions were activated using the NIS and TfOH promoter system, with a stoichiometric
amount of TfOH. This modified promoter system has since been improved employing
7,8-di-Pico sialic acid donors, achieving complete α-selectivity with primary acceptors.20e
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Although these results correspond to the syn-selectivity observed in HAD reactions, the
excess use of TfOH may suggest a different pathway is at work.
Scheme 1.8. HAD Glycosylation with KDO substrates

1.6.7. Other glycosides
The HAD glycosylation method has been sparingly used with L-rhamnosyl and
D-galactosyl substrates. In the case of galactosides, this may be due to the fact that 1,2cis linkages are not obtainable with HAD due to the orientation of its substituents. Both
the Pico and Pic protecting groups functionalized at the C-4 position of galactosyl donors
are known to provide near complete stereoselectivity (α:β = 1:25) with primary
acceptors.14 Benzylated L-rhamnosyl donors bearing the 3-Pico group has shown to form
1,2-cis β-selectivity with primary (α:β = 1:25)14 and secondary (α:β = 1:8.4) acceptors.15f

1.7.

Applications of the HAD in synthesis
A number of practical applications of the HAD method has emerges. The

subsections below highlight some applications to developing glycosyl donors with
switchable stereoselectivity. Also discussed is how the HAD method can offer new
capabilities for the synthesis of challenging oligosaccharide sequences.
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1.7.1. Glycosyl donors with switchable selectivity
One possible application of the HAD method is to the development of the concept
of switchable selectivity. Switchable selectivity is the idea that different stereo outcomes
can be achieved by simply changing conditions with a single substrate. This powerful
synthetic tool has been realized with some of the aforementioned HAD protecting groups.
The first example was achieved for glucoside donors bearing the Pic protecting
group at the C-6 position. It should be noted that this donor affords only good 1,2-trans
stereoselectivity (α:β = 1:11.8) when the leaving group is in the α-orientation. However,
significantly enhanced 1,2-cis α-selectivity with both primary and secondary acceptors
was reported when palladium(II) bromide was added prior to activation. The rationale for
this was the formation of a Pic-Pd complex that disrupted the donor-acceptor H-bond
tethering while simultaneously blocking the top of the ring. NMR investigation revealed
the presence of two species that was confirmed to be the 6-Pic-Pd-O-5 and 6-Pic-Pd-O-6
intramolecular complexes.23
In similar fashion the 2-BCN exhibits switchable selectivity for glucosyl
substrates. The ability of this group to provide switchable selectivity is a function of the
glycosyl acceptor’s ability to engage in hydrogen bonding. Electronically deficient
substrates, such as trifluoroethanol (TFE), were shown to form strong hydrogen bonds
with the cyano group (vide infra) thus affording high 1,2-cis selectivity via the HAD
pathway. With acceptors that are unable to form a hydrogen bond with this group, such as
ethanol, the HAD pathway does not take place and the 1,2-trans product is formed. This
stereoselectivity is driven by the fact that in the absence of the H-bonding the cyano
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group is capable of the neighboring group participation that effectively hinders the α-face
from the nucleophilic attack Scheme 1.9A. This was confirmed by trapping the α-Nimidate with 2-chlorobenzoic acid 1.37, shown in Scheme 1.9B. A change in the reaction
solvent was ultimately found to be optimal when switching between the two pathways.
Toluene was utilized for the neighboring group participation pathway, whereas diethyl
ether was beneficial for the HAD pathway (Scheme 1.9A).21
The newly disclosed TAB group also allows switchable selectivity. Excellent
stereoselectivity can be obtained with a wide variety of acceptors simply by changing the
reaction conditions. When catalytic cuprous triflate is employed as the promoter at high
temperatures, 80

o

C, the α- or 1,2-cis mannoside is formed. However, when a

stoichiometric amount of zinc(II) iodide is chosen as the promoter with a lower
temperature of -10 oC, the β- or 1,2-trans mannoside product is formed. This change in
selectivity is explained to be dependent on the availability of the sulfonamide proton.
This proton was spectroscopically determined to be intramolecularly H-bonded to the O2 atom. When this interaction is disrupted, as is the case with stoichiometric ZnI2, it can
participate in HAD. However if this interaction is maintained, as with catalytic Cu(OTf)2,
the sulfonamide nitrogen participates and blocks the anomeric center, affording the
opposite selectivity (Scheme 1.9A). This was confirmed by isolating the N-mannosyl
sulfonamide (1.36, Scheme 1.9B).22
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Scheme 1.9. Examples and conformation of Switchable Selectivity with the BCN and
TAB group

1.7.2. Oligosaccharide synthesis
Perhaps because of its high efficiency and substrate flexibility, the HAD
glycosylation method has been featured in a number of different total syntheses of
various oligosaccharides.15a, 15c, 15e, 15f, 18-20, 22 These syntheses range from trisaccharide15a,
15e, 15f, 19, 20c, 22

to octasaccharide synthetic18 targets. Furthermore, fairly simple linear to

highly complex branched oligosaccharide syntheses have all been assisted by HAD. 15d In
these syntheses, the HAD glycosylation was employed to obtain 1,2-cis linkages and
typically exhibited excellent selectivity.
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Biologically relevant oligosaccharides and glycoconjugates have also been
synthetic targets using HAD. A trisaccharide component of landomycin containing rare
deoxy sugars was achieved with a 6-O-Pico functionalized 2-deoxy glucosyl donor that
provided good β-selectivity with a secondary deoxy sugar, α:β = 1:11.15c The 2-TAB
protecting group, which offers switchable selectivity, was functionalized on mannosyl
donors and used to obtain the four different stereoisomers of a D-Man-(12)-D-Man(16)-D-Glc trisaccharide.22 The octasaccharide capping motif of mycobacterial LAM
utilized 5-Quin functionalized arabinofuranosyl donors to form two challenging 1,2-cis
linkages.18 HAD with 5-Quin functionalized galactofuranosyl donors were used for the
synthesis of the glycosphingolipid portion of Vesparioside B.20b The hydroxyproline
linked tri- and tetra-saccharides found in the outer cell wall of unicellular alga,
Chlamydomonas reinhardtii, were also assisted by HAD, Scheme 1.10. In this synthesis,
This compound containing two 1,2-cis arabinofuranosyl and one 1,2-cis galactofuranosyl
linkages were achieved with high selectivity utilizing 5-Quin functionalized donors.20c
The challenging 1,2-cis β-L-rhamnosyl linkage was obtained using a 3-Pico donor with a
secondary acceptor.15f
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Scheme 1.10. Total synthesis of tetrasaccharide glycoconjugate of Chlamydomonas
reinhardtii

One of the biggest advantages in total synthesis of the HAD method is that the
Pico group can be chemoselectively removed in the presence of other ester-type groups.
This makes for facile elongation of the polysaccharide chain, simplifying oligosaccharide
synthesis. This extension technique has been successfully applied by the Demchenko
group multiple times, including linear and branched oligosaccharides (Scheme
1.11).15a,15d Additionally one-pot syntheses of trisaccharides have been performed using
HAD glycosylations to achieve selectivity. These reactions formed either branched
products from the glycosylation of a diol acceptor,15d, 18 or by exploiting the selective
activation of the TCAI over the SEt leaving group.15e
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Scheme 1.11. Total synthesis of tetrasaccharide via sequential Pico removal and onepot synthesis

1.8.

Evidence for the HAD
The theory of the hydrogen-bond-mediated aglycone delivery method relates

stereoselectivity to intermolecular hydrogen bonding interactions between the glycosyl
donor and acceptor. Correlating these two has been done a number of different ways.
Both qualitative and spectroscopic investigations have been done to provide scientific
evidence for the existence of HAD. In this section we examine a few of the different
methods.
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1.8.1. Conditions and additives that disrupt H-bonding
A common method that has been applied to determine the relevance of hydrogen
bonding in glycosylations is by altering reaction conditions in a way that would
predictably affect this interaction. These alterations are usually aimed at reducing the
strength of hydrogen bonding with an expected decline in stereoselectivity. One of the
most common of these alterations is the addition or increased use of protic acid in the
reaction. Trifluoromethanesulfonic acid (TfOH) has been shown to cause a decline in
selectivity in HAD reactions.14, 15c, 21 This change in selectivity is caused by the acids
ability to protonate the HBA group or act as a competitive HBD species in solution,
disrupting the donor-acceptor H-bond tethered complex. Mong and co-workers found that
6-Pico-2-deoxy donors promoted with a combination of N-iodosuccinimide (NIS) and
TfOH exhibited stereoselectivity proportional to the amount of TfOH employed (0.2
equiv, α:β = 1:16; 0.6 equiv, α:β = 1:8; 1.2 equiv, α:β = 1:1).15c The negative effect of
excess electrophilic promoter on HAD reactions has also been demonstrated by the
Demchenko lab by employing excess DMTST (6 equiv). This resulted in a loss of
selectivity from α:β = 1:15.6 to 1:9.8.14 Other H-bond disrupting additives, such as
dimethylsulfoxide (DMSO) and trimethylsilyl trifluorosulfonate (TMSOTf), have been
used in a similar manner, Scheme 1.12.14, 21
Modifications of reaction conditions have also been shown to reduce selectivity
by disrupting H-bonding. Demchenko and coworkers found that increasing the reaction
temperature resulted in reduced selectivity. In the same set of experiments, it was found
that alterations to the glycosyl donor or acceptor substrates similarly affect selectivity in
these reactions. Silylated acceptors lacking hydroxyl groups and conformationally
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restricted bicyclic acetal protected donors have both been shown to reduce
stereoselectivity.14, 21
Perhaps the most direct way to determine if a reaction operates under the HAD
pathway is by preactivation of the glycosyl donor. In HAD reactions, a crucial premixing
step for the H-bond tethering of the donor and acceptor is required. Preactivation of the
glycosyl donor and subsequent addition of the acceptor does not allow this tethering to
occur, resulting in non-selective product formation which was shown by the Demchenko
lab in the original HAD article.14
Scheme 1.12. H-bond destroying additives and consequence of selectivity

1.8.2. Glycosyl acceptors that may lead to reduced stereoselectivity
It has been well established that both steric and electronic factors are known to
affect the strength of hydrogen bonds between hydrogen bond donors and acceptors.24
These affects have been observed for HAD glycosylations in a handful of cases, typically
with relation to the glycosyl acceptor. Sterically hindered glycosyl acceptors have
exhibited reduced selectivity in a number of instances.15e, 15g, 18-19 For example, Liu and
co-workers demonstrated complete β-selectivity of primary acceptors with 5-Quin
arabinofuranosyl donors, but declined selectivity with secondary and tertiary acceptors
(α:β = 1:20 and 1:7, respectively, Scheme 1.13 A).18 The sterics of the glycosyl acceptor
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has also been shown to greatly affect the HAD glycosylation of 5-Quin protected KDO
donors. In this work done by Yang et. al., these donors offer complete α-selectivity with
primary acceptors but exhibit a reversal with secondary acceptors.19
Demchenko and co-workers have reported a similar effect in electronics of the
glycosyl acceptor.15g Specifically employing facilely modified aliphatic and phenolic
acceptors was shown to change the obtained selectivity in such a way that was
proportional to changes in the pKa of the corresponding free hydroxyl, Scheme 1.13 B.
Scheme 1.13. Steric and electronic effect of glycosyl acceptors in HAD
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1.8.3. Mechanistic and spectroscopic evidence for HAD
Although all the previously discussed methods of HAD identification are valid,
hard evidence for hydrogen bonding was obtained through spectroscopic investigation of
donor-acceptor

mixtures

that

have

produced

excellent

stereoselectivity

in

glycosylation.14, 21-22 Demchenko et. al. first confirmed HAD through NMR experiments.
Mixtures of 4-Pico glucosyl donor (1.1) and 4-OH glucosyl acceptor (1.2) in deuterated
chloroform (CDCl3) were examined. The chemical shift of the acceptor hydroxyl group, δ
OH, was monitored as a function of both temperature and increasing concentration of the
glycosyl acceptor (1.2). These studies revealed a downfield shift of the δ OH as 1.2
concentration was increased and as the temperature was decreased (Figure 1.3), both
suggesting the presence of a hydrogen bond.14
Similar investigation was conducted by Liu and co-worker using 2-BCN
substituent. Mixtures of the glycosyl donor with ethanol and TFE were analyzed by NMR
and the change in δ OH was monitored as a function of temperature and donor
concentration. In both instances the change in δ OH was determined to be more
pronounced and indicative of H-bonding for TFE acceptor rather than ethanol. These
results support H-bonding to be a factor in their corresponding glycosylations.21
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Figure 1.1. NMR investigation of 1.1 and 1.2 mixtures, examining δ OH
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Solutions of glycosyl donors 1.1 (triangle), and 1.46 (square) were
prepared in CDCl3. Additions of glycosyl acceptor 1.2 were made to each
sample and the δ OH signal of 1.2 was measured by NMR.

1.9.

Conclusions and outlook
Although introduced only some seven years ago, the Hydrogen-bond-mediated

Aglycone Delivery (HAD) glycosylation method has already been applied to many
challenging targets and aspects of carbohydrate chemistry. This methodology has been
extended to a variety of ester- and ether-type protecting groups, including recently
discovered substituents that have not been fully explored yet. There have been various
methods confirming the validity of HAD including glycosylation and spectroscopic
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investigation. The HAD glycosylation has been extensively applied to many substrates,
such as: glucosyl, mannosyl, deoxy sugars, and various furanosyl substrates. In most
cases, these glycosyl donors afford excellent selectivity with primary and secondary
glycosyl, aliphatic, or amino acid acceptors. Given the wide variety of HAD capable
substituents and their extensive application, as well as their chemoselective deprotection,
the HAD method can offer numerous advantages in the total synthesis of
oligosaccharides. In fact, this methodology has already been used in a number of
different oligosaccharide syntheses by several labs. The HAD glycosylation method has,
and is continuing to have a broad impact in carbohydrate chemistry.
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CHAPTER 2

Carbohydrate experiments for the
sophomore organic laboratory: a
robust synthesis and protection of
thioglycosides

Mannino | UMSL 2019 | Page 36

2.1 Introduction
The study of carbohydrates is one of the most rapidly growing fields in the
scientific community today.1 Although previously only thought of as an energy source,
advancements in technology,2 and the development of sensitive analytical techniques
have helped to elucidate other important biological roles of carbohydrates. This improved
understanding lead to their increased application as therapeutic and diagnostic agents.3
Due to the great complexity of the mammalian glycome and high level of diversity in
microbial glycans, isolation of complex carbohydrates from natural sources in pure form
is quite difficult and often low yielding. Hence, chemical synthesis has come to the
forefront as a mode to obtain glycans of interest to biological studies. Synthesis also
allows for facile derivatization of a target compound aiding in drug discovery and
design.4 Forming complex oligosaccharides from simple monosaccharide building blocks
requires a carefully planned synthetic route involving various protecting and leaving
group strategies.
The concept of protecting and leaving group application strategies is widely used
in the synthetic field. Despite its applicability in both academic and industrial research,
student’s exposure to these strategies at the undergraduate level is limited. Although
typically mentioned in standard organic lecture classes, protecting and leaving group
introduction and modification are rarely applied in sophomore organic laboratories.
Carbohydrates, due to their polyhydroxylated nature, make good models for
demonstrating the variety and practicality of leaving and protecting groups. The synthetic
demand for pure carbohydrate compounds has given rise to elegant protecting and
leaving group strategies in-route to synthetic targets.5,6 These strategies are designed to
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take advantage of reactivity or configurational differences between free hydroxyl groups,
and in doing so, selectively change the substituents. These structural modifications are
done to either alter the compound’s reactivity, or to allow for selective functionalization
in subsequent reactions, as discussed in Chapter 1.
In recent years there has been a growing number of carbohydrate-based teaching
lab experiments described.7 These experiments range from relatively simple8,9 to rather
complex syntheses.10,11 Unfortunately these protocols typically require anhydrous
conditions and/or column chromatography,10-13 limiting their utility to advanced students
only. Presented herein is a description of a robust three-step synthesis that can be
performed in two or three laboratory periods. These reactions can be performed without
the need for anhydrous conditions or column chromatography. Furthermore, common
aspects of carbohydrate chemistry, including functionalization of the anomeric center and
stereoselectivity, are also covered, providing a useful connection to this important area of
organic synthesis.

2.2

Synthesis and characterization
Compound 2.3 depicted in Scheme 2.1, is a benzoylated tolylthio glycoside that

has appeared numerous times in the literature.

14,15

The preparation of this compound

demonstrates two important lessons in carbohydrate chemistry. The first being the
concept of chemoselectivity, which is applied in the first reaction (STol introduction,
2.1→2.2). In this reaction, although nearly all the acetyl protecting groups will be
coordinated with the Lewis acid, BF3-Et2O, only the anomeric (C-1) acetate will depart to
be displaced with p-thiocresol nucleophile. The remaining acetates can also react, but
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they can undergo saponification (transesterification) instead. This is demonstrated in the
second step called deacetylation that is conducted in the presence of sodium methoxide.
The resulting compound 2.2 contains four free hydroxyl groups that can be protected as
needed for the purpose of the synthesis (see Chapters 3-5 for other types of
transformation). Herein, we demonstrate protection by esterification with benzoyl
chloride called benzoylation, which is another common reaction in carbohydrate
chemistry. Benzoates are commonly used as protecting groups in synthesis because they
are more stable than acetates towards common reaction conditions used in glycosylation.
Product 2.3 is a common glycosyl donor that has been broadly used in carbohydrate
chemistry to introduce β-glycosidic linkages. These three reactions will be discussed in
greater detail in the subsequent subsections.
Scheme 2.1. Synthetic route for the preparation of compound 2.3

Mannino | UMSL 2019 | Page 39

The reported synthesis of 2.316,17,18 has been modified to fit into two five-hour
undergraduate organic lab periods. The necessary small laboratory equipment includes
rotary evaporator, heat gun, and the availability of a (house) vacuum line. The newly
developed protocol makes use of basic techniques taught in the sophomore undergraduate
teaching labs such as TLC, separatory funnel utilization, crystallization, and filtration.
This protocol avoids more advanced techniques and/or additional equipment, such as
utilization of dry solvents, inert atmosphere, and column chromatography purification.
The developed synthesis and characterization have been tested for two semesters by
undergraduate students enrolled in the organic laboratory class at UM-St. Louis (sessions
of 7 to 17 students).

2.2.1 First lab period
The objective of the first experiment is to successfully introduce the para-tolyl
(STol) leaving group into the anomeric position of the pentaacetylated glucose precursor
(2.1). This synthesis begins by dissolution of commercially available β-D-glucose
pentaacetate 2.1 in bulk dichloromethane (DCM). The solution is cooled with an ice bath,
and the remaining reagents, p-thiocresol (HSTol) and boron trifluoride diethyl etherate
(BF3-Et2O), are added. It is noteworthy that this reaction proceeds efficiently without the
use of dry DCM and an argon atmosphere that are commonly employed when reactions
of this type performed in research laboratories. The reaction progress is followed by TLC
and visualized by charring with 20% sulfuric acid in methanol solution. Upon completion
of the reaction and a subsequent aqueous work up, the product is purified by
crystallization. Three different crystallization methods varying in crystallization times
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and yields (see experimental section) have been developed for this experiment. The
purity of product 2.2 was confirmed by 1H NMR spectroscopy that showed the
appearance of the aromatic and methyl peaks of the S-tolyl group at 7.35, 7.10 and 2.32
ppm, respectively.
Scheme 2.2. The synthesis of S-tolyl glycoside 2.2

2.2.2 Second lab period
The objective of this experiment is to prepare the final benzoylated product (2.3)
in pure form. This is achieved through two synthetic steps performed during the second
lab period. The first step involves deacetylation employing the Zemplen conditions.19
This short reaction, typically 30 min, is quenched by neutralization with the acidic resin.
The latter is then filtered, and the filtrate is evaporated. After the first evaporation the
sample is redissolved in DCM and evaporated again to afford a white solid instead of an
oil. This second evaporation step proved to be important for the removal of methanol,
which can hinder the next reaction. The product can be used in the subsequent reaction
directly; if desired some material can be saved for characterization.
The benzoylation is typically performed during the same lab period or during the
subsequent lab period. The reaction begins with dissolution of the crude reaction
intermediate in reagent-grade pyridine and the resulting mixture is chilled using an icebath before benzoyl chloride (BzCl) is added. Progress of the reaction is monitored by
TLC and since pyridine has a high boiling point (115 °C) the TLC plate must be dried on

Mannino | UMSL 2019 | Page 41

the house vacuum for 5-10 minutes prior to development. This demonstrates to the
students the importance of altering standard lab techniques in order to accommodate
different reaction conditions. Following an acidic aqueous work up and evaporation, the
residue is readily crystallized from hot ethanol. Product 2.3 is characterized by 1H NMR
spectroscopy, and the students are encouraged to specifically notice the additional peaks
in the aromatic region, corresponding to the benzoyl groups (6.94-8.07 ppm).20,21
Although 1H NMR spectroscopy was the standard method used to confirm the structural
identity of the product, a variety of other characterization methods (IR, mass spec,

13

C

NMR, melting point) have also been conducted and the data are provided in the
experimental section.
Scheme 2.3. Deacetylation followed by benzoylation to obtain target compound 2.3

2.3 Discussion
The first reaction in the synthesis is the introduction of p-tolyl leaving group to
the C-1 position of glucose pentaacetate to form the β-thioglucoside derivative. This
reaction proceeds via the Lewis acid-assisted departure of the anomeric acetate group.
The resulting oxacarbenium cation is then stabilized via acyloxonium cation, a lower
energy intermediate, which is subsequently attacked by the nucleophile (HSTol) to yield
STol glycoside 2.2 (Scheme 2.4). This reaction mechanism contains many potential
discussion points and pedagogical aspects. The first of which is the concept of
chemoselectivity. This is the idea that a protecting group at one position of the substrate
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can be altered selectively with respect to the other positions. In this case, the anomeric
acetyl protecting group is selectively displaced in the presence of all other acetates. This
chemoselectivity is due to the acetal functionality comprising the anomeric carbon (C-1),
allowing for the acetyl group departure through the formation of the stabile oxacarbenium
ion. This type of stabilization is not available at other positions.
Scheme 2.4. General mechanism of glycosylation to form 2.2

The next educational aspect of this mechanism is stereoselectivity. This is
observed through the participation of the 2-O-acetyl protecting group on the
oxacarbenium intermediate, forming a more stable 1,2-acyloxonium ion. The latter has a
bicyclic structure with the bottom α-face being hindered from the nucleophilic attack. As
a consequence, the nucleophilic attack yields the β-anomer stereoselectively. This type of
a stereodirecting effect is known as the neighboring group participation.
The final lesson this reaction provides is kinetic vs. thermodynamic control. This
is demonstrated by controlling reaction conditions to favor the equilibrium between the
oxacarbenium and acyloxonium ion intermediates. Both the rate of Lewis acid addition
(dropwise) and the reduced temperature (0 °C) lower the relative energy of the reaction.
In this case, the system does not have sufficient energy to react with the less stable
oxacarbenium ion, and can only react with the acyloxonium ion. If the reaction is
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performed at a higher temperature or the Lewis acid addition occurs all at once, the
system will have sufficient energy to react with the higher energy oxacarbenium ion
resulting in an α,β-anomeric mixture of products.
Scheme 2.5. Reaction pathway for changing of acyl protecting groups

The next two reactions in this multi-step synthesis involve the transformation of
the acetyl protecting groups into more stable benzoyl groups. To achieve this, the acetyl
substituents are first removed to liberate the hydroxyl groups. This is commonly achieved
under Zemplen conditions,11 which employ sodium methoxide-promoted saponification
of acetyl esters, to form a tetraol, an unprotected STol glycoside (Scheme 2.5). Once
isolated, the tetraol is reacted with benzoyl chloride in pyridine to afford the product 2.3.
In this reaction, pyridine displaces the chlorine of the benzoyl chloride, making it a better
leaving group. This activated acylating reagent is now susceptible to the nucleophilic
attack by the hydroxyl groups. In this sense pyridine is used as an acyl transfer reagent, as
the proton scavenger, and even as the reaction solvent.
This two-step reaction sequence has multiple educational aspects. The first of
which is how a common reaction can be applied to achieve different protecting group
transformations. The acetyl removal and benzoylation are both esterification reactions,
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however, these reactions produce opposing results for sugar substrates: deprotection and
protection, respectively. This difference is a result of matching the acyl leaving group
with the appropriate nucleophile for its displacement. In the deacetylation reaction the
leaving group is the sugar which gets displaced with excess methanol used as the reaction
solvent. For the benzoylation reaction, the leaving group during nucleophilic attack at the
benzoyl carbonyl is the reactive pyridine amide. Since positively charged pyridine is an
excellent leaving group, the sugar alcohol easily displaces it (Scheme 2.6).
Scheme 2.6. Differential reactivity of various leaving groups and nucleophiles

These two reactions also provide valuable lessons in a more general laboratory
context. Solubility is one possible discussion topic. In the deacetylation reaction, the
starting material 2.2 is not soluble in methanol. However, after sodium methoxide is
added, the acetyl groups begin to be removed, unmasking the more polar hydroxyl
groups. The increase in polarity helps the compound to solubilize in methanol, pushing
the reaction equilibrium towards the product formation.
A second practical lesson can be taught during the work-up stage of the same
reaction. The initial concentration of the methanol solution produces the compound as an
oil. The sample is then redissolved in DCM and evaporated again to produce a white
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solid. The sample is initially present as an oil due to the remaining methanol. If the next
reaction, benzoylation, is conducted without the second evaporation, the residual
methanol would compete with the carbohydrate hydroxyl groups as the nucleophile for
benzoyl chloride, that may cause the reaction to be incomplete.

2.4. Conclusions
The modified protocol for the synthesis of p-tolyl 2,3,4,6-O-tetra-benzoyl-β-Dglucopyranoside 2.3 (benzoylated STol β-glucoside) from commercially available β-Dglucose pentaacetate 2.1 has been developed. This synthesis is designed as a multistep
synthesis (two five-hour sessions) for sophomore organic teaching lab. This multi-step
synthesis that requires students’ familiarity with basic lab techniques (TLC,
crystallization, analytical techniques) and common lab equipment (rotary evaporator, heat
gun, house-vac, basic glassware).
Although all the lab techniques performed are fairly basic, students are provided
with an opportunity to learn or improve upon their understanding of many basic
principles and techniques of organic synthesis. An important aspect of the laboratory
growth occurs when conducting the TLC analysis of the benzoylation step. Because the
reaction is conducted in pyridine, the TLC plate must be dried prior to the development.
This technique demonstrates the importance of understanding the reaction conditions.
The two additional lessons are focused around protecting and leaving group
chemistry (chemoselectivity and protection/deprotection). These concepts can be applied
to functionalization of many other substrates. More advanced topics discusses herein
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include neighboring group participation and kinetic vs. thermodynamic control of the
reaction.

2.5. Experimental details
2.5.1. Hazards
Boron trifluoride diethyl etherate (BF3-Et2O) should be handled with care. This
strong acid is commercially sold with a sure seal which requires withdrawing with a
syringe and needle of adequate length. p-Thiocresol should not be weighed out hastily as
residual compound can cause an unpleasant odor to linger. If a sulfuric acid in methanol
TLC solution is to be made, it requires the use and dilution of concentrated sulfuric acid.
In this case the acid should be slowly poured into a volume of methanol. Once added,
allow to cool to room temperature. During the work up of the third reaction (2.2 → 2.3),
the sample is washed multiple times with 1 N aqueous HCl. Students should be made
aware of accumulating pressure due to the presence of pyridine.

2.5.2. Synthesis of p-tolyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (2.2)
To a 100 mL round bottom flask, add glucose pentaacetate (2.1, 2.0 g, 5.12
mmol), dissolve and stir vigorously with magnetic stir bars in bulk dichloromethane
(DCM, 15 mL). Add p-thiocresol (0.7 g, 5.64 mmol, Note 1), cool the solution to 0 °C in
an ice bath, and add boron trifluoride diethyl etherate (3.22 mL, 25.6 mmol) dropwise
through a rubber septum using a 5 mL syringe. After 30 minutes, remove the flask from
the ice bath and allow it to warm to room temperature. Monitor reaction progress using
thin layer chromatography (TLC) with ethyl acetate/ toluene mobile phase (2/5), and
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develop plates by charring with a 20% sulfuric acid/ methanol solution. Continue to stir
the reaction for approximately 1.5 hours (2 hours total), at which time the solution may
become pink (Note 2). Transfer the solution into a 250 mL separatory funnel and dilute
with DCM (135 mL). Wash and separate the organic layer with H2O (2 x 25 mL) and
NaHCO3 (25 mL). After that, separate the organic phase, dry with magnesium sulfate,
filter the solid off, transfer the filtrate into a 250 mL round bottom flask, and evaporate
using rotary evaporator. Dissolve the resulting white solid in DCM (5 mL) and add
hexane (70 mL). Allow the solution to cool in fridge overnight (Note 3) and isolate the
crystals the next day using vacuum filtration.
Notes:
1

Although p-thiocresol is mild compared to other thiols, spilled reagent can result
in the lingering of an unpleasant smell.

2

Occasionally the appearance of a faint spot lower than that of the starting material
is observed. This is assumed to be the second anomer and is not found after
crystallization.

3

Two other alternatives to the crystallization were determined, all of which
involved dissolving the sample in DCM (5 mL) and layering with hexane (70
mL). When the crystallization was left in the fridge overnight a yield of 83% was
obtained. When the crystallization was chilled in the fridge for one week, 87%
was the observed yield. Finally, 69% yield was obtained by placing the round
bottom immediately in an acetone-dry ice bath for 30 minutes.
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2.5.3. Synthesis of p-tolyl 2,3,4,6-tetra-O-benzoyl-1-thio-β-D-glucopyranoside (2.3)
To a 100 mL round bottom flask add acetylated STol β-glucoside (2.2, 1.50 g,
3.30 mmol), dissolve in methanol (20 mL), add a 1 M solution of NaOMe in MeOH (0.5
mL, Note 1) and stir vigorously for 30 minutes. Monitor reaction progress using thin
layer chromatography (TLC) with methanol/ dichloromethane mobile phase (1/5), and
develop plates by charring with a 20% sulfuric acid/ methanol solution. Neutralize the
reaction with Amberlyst® (or similar) acidic (H+) ion-exchange resin then filter the
solution through cotton into a 100 mL round bottom flask, wash the cotton with methanol
(10 mL, 2x). Evaporate the solution until the sample appears as an oil, then dissolve in
DCM (20 mL) and evaporate again until sample is a white solid. Place on house vacuum
for 30 minutes. Dissolve the sample (0.94, 3.3 mmol) in pyridine (10 mL), chill to 0 °C in
an ice bath and stirred vigorously. Add benzoyl chloride (2.3 mL, 19.7 mmol) dropwise
via a 3 mL glass syringe (Note 2). After 30 minutes the reaction is removed from the ice
bath and allowed to warm to room temperature. Stir the solution for 1 hour total and
monitor reaction progress using TLC with ethyl acetate/ hexanes mobile phase (2/5), and
develop plates by charring with a 20% sulfuric acid/ methanol solution (Note 3). Pour the
solution into a 250 mL separatory funnel and dilute with DCM (140 mL). Wash with 1 N
HCl (2 x 25 mL), saturated aqueous NaHCO3 (25 mL), and H2O (25 mL). After that,
separate the organic phase, dry with magnesium sulfate, filter the solid off, transfer the
filtrate into a 250 mL round bottom flask, and evaporate using rotary evaporator at 40 °C
until sample is an oil (Note 4). Dissolve the sample in hot ethanol (5 mL) and allow to
cool to room temperature. Filter the crystals using vacuum filtration.
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Notes:
1

After addition of the sodium methoxide solution, the pH should be around 9. If
the reaction isn’t complete in 30 minutes check the pH and adjust to around 9 by
adding more sodium methoxide solution if needed.

2

It is important to add the benzoyl chloride via a syringe. Addition via a addition
funnel generated unreactive benzoic acid as side product, stopping the reaction.

3

Because the reaction is conducted in pyridine, b. p. = 115 °C, the TLC plate must
be dried on the house vac for 5 minutes after spotting for proper development.

4

It is important to make sure the sample does not become a solid during
evaporation. The solid is significantly more difficult to dissolve in hot ethanol.

2.6. Characterization data
Analytical data for 2.2
Obtained:

1.60-2.03 g

Yield:

69-87%

Appearance:

white crystals

Rf:

0.63 (EtOAc/toluene, 2/3 v/v)

m.p.:

116-117 °C

Optical rotation:

[α]D22 -23.1 (c 1, CHCl3)

FTIR:

3471, 2936, 2874, 1738, 1488, 1430, 1377, 1297, 1246, 1126,
1102, 1081, 1031, 980, 917, 818 cm-1

1

H-NMR (CDCl3):

δ 7.35-7.36 (4H, aromatic), 5.17 (dd, 1H, J3,4 = 9.4 Hz, H-3), 4.99
(dd, 1H, J4,5 = 9.8 Hz, H-4), 4.90 (dd, 1H, J2,3 = 9.6 Hz, H-2), 4.60
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(d, 1H, J1,2 = 10.6 Hz, H-1), 4.18 (dd, 1H, J6a,6b = 12.2 Hz, H-6a),
4.14 (dd, 1H, H-6b), 3.65-3.68 (m, 1H, J5,6a = 5.0 Hz, H-5), 2.32
(s, 3H, CH3Ph), 1.95-2.06 (4 x S, 3H, CH3C=O) ppm
13

C-NMR (CDCl3):

δ 170.52, 170.13 (2×), 169.34 (2×), 169.19 (carbonyl), 138.74,
133.79, 129.63, 127.46 (aromatic), 85.73 (C-1), 75.95, 73.95,
69.82, 68.10, 62.06, 21.16, 20.75, 20.71, 20.57, 20.55 (CH3) ppm

HR-FAB [M + Na]+: calcd for C21H26O9SNa 477.1195, found 477.1175 m/z

Analytical data for 2.3
Obtained:

2.04 g

Yield:

88%

Appearance:

white crystals

Rf:

0.48 (EtOAc/hexanes, 2/5, v/v)

m.p.:

186-188 °C

Optical rotation:

[α]D22 +18.1 (c 1, CHCl3)

FTIR:

3066, 2962, 2087, 2111, 1911, 1711, 1599, 1489, 1448, 1375,
1259, 1174, 1136, 1105, 1065, 1021, 965, 934, 892, 856, 831, 798
cm-1

1

H-NMR (CDCl3):

δ 8.07-6.95 (24H, aromatic), 5.93 (dd, 1H, J3,4 = 9.5 Hz, H-3), 5.62
(dd, 1H, J4,5 = 9.8 Hz, H-4), 5.48 (dd, 1H, J2,3 = 9.7 Hz, H-2), 5.01
(d, 1H, J1,2 = 10.0 Hz, H-1), 4.70 (dd, 1H, H-6b), 4.50 (dd, 1H,
J6a,6b = 12.2 Hz, H-6a), 4.21-4.18 (m, 1H, J5,6a = 5.7 Hz, H-5), 2.27
(s, 3H, CH3Ph) ppm
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C-NMR (CDCl3):

δ 166.05, 165.78, 165.18, 165.04, 138.64, 133.9 (2×), 133.49,
133.34, 133.24, 133.17, 129.87 (2×), 129.86 (3×), 129.83 (2×),
129.73 (2×), 129.65 (3×), 129.20, 128.73, 128.67, 128.42 (2×),
128.40 (3×), 128.27 (2×), 127.51, 86.18 (C-1), 76.25, 74.21, 70.43,
69.33, 63.09, 21.2 (CH3) ppm

HR-FAB [M + Na]+: calcd for C41H34O9SNa 725.1821, found 725.1809 m/z

2.7 References
1.

Hart, G. W.; Copeland, R. J. Glycomics Hits the Big Time. Cell 2010, 143, 672676.

2.

Schindler, B.; Barnes, L.; Renois, G.; Gray, C.; Chambert, S.; Fort, S.; Flitsch, S.;
Loison, C.; Allouche, A.-R.; Compagnon, I. Anomeric memory of the glycosidic
bond upon fragmentation and its consequences for carbohydrate sequencing.
Nature Communications 2017, 8, 973.

3.

Klyosov, A. A.: Carbohydrates and Drug Design. In Glycobiology and Drug
Design; ACS Symposium Series 1102; American Chemical Society, 2012; Vol.
1102; pp 3-22.

4.

Krishnamurthy, V. R.; Sardar, M. Y. R.; Yu, Y.; Song, X.; Haller, C.; Dai, E.;
Wang, X.; Hanjaya-Putra, D.; Sun, L.; Morikis, V.; Simon, S. I.; Woods, R.;
Cummings, R. D.; Chaikof, E. L. Glycopeptide Analogues of PSGL-1 Inhibit PSelectin In Vitro and In Vivo. Nature communications 2015, 6, 6387-6387.

5.

Petursson, S. Protecting groups in carbohydrate chemistry. J. Chem. Educ. 1997,
74, 1297-1303.

Mannino | UMSL 2019 | Page 52

6.

Guo, J.; Ye, X.-S. Protecting Groups in Carbohydrate Chemistry: Influence on
Stereoselectivity of Glycosylations. Molecules 2010, 15, 7235.

7.

Koviach-Cote, J.; Pirinelli, A. L. Incorporating Carbohydrates into Laboratory
Curricula. Chem. Rev. 2018, 118, 7986-8004.

8.

Callam, C. S.; Lowary, T. L. Synthesis of Methyl 2,3,5-Tri-O-Benzoyl- α -DArabinofuranoside in the Organic Laboratory. J. Chem. Educ. 2001, 78, 73.

9.

Demchenko, A. V.; Pornsuriyasak, P.; De Meo, C. Acetal Protecting Groups in
the

Organic

Laboratory:

Synthesis

of

Methyl-4,

6-O-Benzylidene-α-D-

Glucopyranoside. J. Chem. Educ. 2006, 83, 782.
10.

Dangerfield, E. M.; Stocker, B. L.; Batchelor, R.; Northcote, P. T.; Harvey, J. E.
Stereochemical Control in Carbohydrate Chemistry. Journal of Chemical
Education 2008, 85, 689.

11.

Adesoye, O. G.; Mills, I. N.; Temelkoff, D. P.; Jackson, J. A.; Norris, P. Synthesis
of a d-Glucopyranosyl Azide: Spectroscopic Evidence for Stereochemical
Inversion in the SN2 Reaction. Journal of Chemical Education 2012, 89, 943945.

12.

Penverne, C.; Ferrières, V. Synthesis of 4-Methylumbellifer-7-yl-alpha-DMannopyranoside: An Introduction to Modern Glycosylation Reactions. Journal
of Chemical Education 2002, 79, 1353.

13.

Norris, P.; Freeze, S.; Gabriel, C. J. Synthesis of a Partially Protected Azidodeoxy
Sugar. A Project Suitable for the Advanced Undergraduate Organic Chemistry
Laboratory. Journal of Chemical Education 2001, 78, 75.

Mannino | UMSL 2019 | Page 53

14.

Zhang, Z.; Ollmann, I. R.; Ye, X.-S.; Wischnat, R.; Baasov, T.; Wong, C.-H.
Programmable One-Pot Oligosaccharide Synthesis. Journal of the American
Chemical Society 1999, 121, 734-753.

15.

Wang, Q.; Wei, X.; Liao, K.; Li, H.; Meng, X.; Li, Z. A convenient preparation of
glycosyl sulfoxides and its application to the synthesis of Salidroside epimer.
Tetrahedron Letters 2016, 57, 2277-2279.

16.

Balavoine, G.; Berteina, S.; Gref, A.; Fischer, J.-c.; Lubineau, A. Thioglycosides
as Potential Glycosyl Donors in Electrochemical Glycosylation Reactions. Part 2:
Their Reactivity Toward Sugar Alcohols. Journal of Carbohydrate Chemistry
1995, 14, 1237-1249.

17.

France, R. R.; Rees, N. V.; Wadhawan, J. D.; Fairbanks, A. J.; Compton, R. G.
Selective activation of glycosyl donors utilising electrochemical techniques: a
study of the thermodynamic oxidation potentials of a range of chalcoglycosides.
Organic & Biomolecular Chemistry 2004, 2, 2188-2194.

18.

Weng, S.-S.; Li, C.-L.; Liao, C.-S.; Chen, T.-A.; Huang, C.-C.; Hung, K.-T.
Facile Preparation of α-Glycosyl Iodides by In Situ Generated Aluminum Iodide:
Straightforward Synthesis of Thio-, Seleno-, and O-glycosides from Unprotected
Reducing Sugars. Journal of Carbohydrate Chemistry 2010, 29, 429-440.

19.

Ren, B.; Wang, M.; Liu, J.; Ge, J.; Zhang, X.; Dong, H. Zemplén
transesterification: a name reaction that has misled us for 90 years. Green
Chemistry 2015, 17, 1390-1394.

Mannino | UMSL 2019 | Page 54

20.

Sales, E. S.; Silveira, G. P. Synthesis and 1H NMR Spectroscopic Elucidation of
Five- and Six-Membered D-Ribonolactone Derivatives. J. Chem. Educ. 2015, 92,
1932.

21.

Sorensen, J. L.; Witherell, R.; Browne, L. M. Use of 1H NMR in Assigning
Carbohydrate Configuration in the Organic Laboratory. J. Chem. Educ. 2006, 83,
785.

CHAPTER 3

Investigation of the H-bond-mediated
aglycone delivery reaction in
application to the synthesis of βglucosides

M. P. Mannino, J. P. Yasomanee, and A. V. Demchenko. Investigation of the H-bondmediated aglycone delivery reaction in application to the synthesis of β-glucosides.
Carbohydr. Res., 2018, 470, 1-7
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3.1 Introduction

The chemical synthesis of glycans still faces many challenges and the biggest and
most common problem is chemical glycosylation, the reaction of joining saccharide units
via O-glycosidic linkages.1-3 Due to the inherited mechanistic nature of this reaction,
stereocontrol is often difficult to achieve.4,5 This results in the formation of undesired
diastereomers, lowering yields and complicating purification. There are various
conditions and methods currently used to control stereoselectivity.6,7 Among these is the
hydrogen-bond-mediated aglycone delivery (HAD) method. First reported in 2012,8 the
HAD method employs a glycosyl donor functionalized with a picoloyl (Pico) or similar
moiety, a hydrogen bond accepting protecting group. This picoloyl group forms a
hydrogen bond with the free hydroxyl of the glycosyl acceptor, forming an H-bonded
donor-acceptor complex (Scheme 3.1). After addition of the promoter, the donor is
activated without disrupting the H-bonded complex, and the acceptor is “delivered” to the
anomeric position of the donor resulting in a facially preferential glycosidic bond
formation that is syn-selective with respect to the picoloyl protecting group.
The HAD reaction has successfully been applied to α-glucosylation using 4-OPico donor8 and its utility was demonstrated by the synthesis of linear and branched αglucans.9 Also mannosylation with the use of either 3- or 6-O-Pico donors proceeded
with high β-stereoselectivity,10 which was demonstrated by the synthesis of a β-linked
mannan at room temperature.10 Further expansion of the HAD led to the development of
new activation conditions,11 protecting groups,12,13 and glycosyl donors with switchable
stereoselectivity.14,15 Mong and co-workers applied 6-O-picoloyl-2-deoxy glycosyl
donors to stereoselective synthesis of β-glycosides.16 Yang and co-workers
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investigated the synthesis of β-D- and β-L-arabinofuranosides,12 whereas De
Meo17 and Tsai18 investigated the effect of picoloyl substituents on sialylations.
Scheme 3.1. Mechanistic depiction of the HAD glycosylation method

β-Glucosidic bonds are also common glycosidic linkages that are often present in
natural products19 and various glycan sequences.20,21 β-Glucosides are typically formed
with high stereoselectivity from glycosyl donors functionalized with an acyl protecting
group at the C-2 position capable of the neighboring group participation. Upon activation,
these donors form the bicyclic acyloxonium ion intermediate that hinders the nucleophilic
attack from the bottom face of the ring.22 Despite this method’s popularity it is prone to
byproduct formation, such as an 1,2-O-orthoester,23 and regioselective selective
functionalization of the C-2 position can complicate the synthesis of glycosyl donors.24 In
contrast, the HAD method has been shown to form β-glucosides utilizing donors
functionalized at the primary C-6 position, offering enhanced synthetic flexibility.
However, the preliminary attempts were limited to glycosylation of primary hydroxyl of
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glucosyl acceptor.8 To broaden the scope of the HAD-assisted synthesis of β-linked
glucosides and disaccharides reported herein is the investigation of thioglucoside donor
3.18 equipped with the 6-O-picoloyl protecting group capable of delivering the glycosyl
acceptor from the top face of the ring.

3.2.

Results and discussion
Compound 3.1 has already been shown to perform HAD glycosylations with β-

stereoselectively, and its synthesis is known.8 Previous glycosylations were performed in
the presence of DMTST and molecular sieves (4 Å) in 1,2-dichloroethane both under
regular 50 mM and low 5 mM concentration of donor 3.1. DMTST was added at -30 °C,
and the reaction mixture was then allowed to warm to room temperature. Thus, under
these reaction conditions that became standard for the HAD reactions, glycosylation of
acceptor 3.225,26 with donor 3.1 proceeded smoothly and β-stereoselectively affording
disaccharide 3.3 in 78-90% yield (entry 1, Table 3.1). This result was practically the
same as that previously reported for this donor-acceptor combination.8 To expand upon
these findings, the glycosylation of other common carbohydrate acceptors with donor 3.1
were examined and the key findings are summarized in Table 3.1. The primary acceptor
3.4 afforded the corresponding disaccharide 3.5 with respectable yields of 81-91% and
complete stereoselectivity (entry 2). Very unexpectedly, the β-stereoselectivity was
dramatically decreased when benzoylated primary acceptor 3.627 was glycosylated. The
reaction was still fairly swift (1.5 h), and respectable yields for the synthesis of
disaccharide 3.7 (82-92%) have been achieved, but the stereoselectivity was fairly low
(α/β = 1/2.7-2.9, entry 3) in comparison to the results obtained with other primary
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acceptors (vide supra). This last result made us believe that the efficacy of the HAD
reaction with donor 3.1 can be greatly dependent on the electronic properties of the
glycosyl acceptor. Thus, with the electro-withdrawing substituents in acceptor 3.7, the
electron density on the hydroxyl group is decreased in comparison to that of alkylated
counterparts. As a result, the hydrogen-bond-donating properties of such electron-poor
glycosyl acceptor are reduced and the picoloyl-assisted H-bond-mediated aglycone
delivery becomes less prevalent reaction pathway.
The less reactive, more sterically hindered secondary acceptors also proved to be
problematic for the HAD reaction with donor 3.1. Poor yields and stereoselectivities, as
well as long reaction times, were observed for acceptors 3.8,28 3.10,29 and 3.1230 (entries
4-6). An improvement in stereoselectivity was seen with the methylated secondary
acceptor 3.1431 (entry 7). The reactivity of 3.7, however, was still fairly low leading to
long reaction times and low yields. This last result made us believe that the
stereoselectivity of the HAD reaction with donor 3.1 can be also dependent on the steric
properties of the glycosyl acceptor. Thus, with the bulky benzyl substituents are present
in the glycosyl acceptor, the accessibility of the secondary hydroxyl to form strong Hbonding with bulky picoloyl moiety of the donor is low in comparison to that of less
hindered methylated (or primary) counterparts. As a result, the H-bond-donating
properties of such hindered glycosyl acceptors are reduced and the picoloyl-assisted
delivery becomes a less prevalent stereodirecting pathway.
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Table 3.1. Glycosylation of primary and secondary glycosyl acceptors with donor 3.1

Entry Acceptor (ROH) Conc. of 1, time
1

Product

yield (α/β ratio)

5 mM, 2 h
50 mM, 3 h

78% (β-only)
90% (β-only)

5 mM, 1.5 h
50 mM, 1.5 h

91% (β-only)
81% (β-only)

5 mM, 1.5 h
50 mM, 1.5 h

82% (1/2.7)
92% (1/2.9)

5 mM, 24 h
50 mM, 24 h

42% (1/1.3)
48% (1/2.6)

5, 24 h
50, 24 h

49% (1/2.5)
43% (1/1.0)

5, 24 h
50, 24 h

37% (1/2.5)
31% (1/3.5)

5, 24 h
50, 24 h

38% (1/4.3)
31% (1/2.5)

3.2

2
3.4

3
3.6

4
3.8

5
3.10

6
3.12

7
3.14

In an attempt to improve results with secondary acceptors, various reaction
conditions were investigated in the glycosylation of donor 3.1 and secondary acceptor
3.10. Slightly improved selectivity was observed upon switching to the stronger promoter
system of NIS/TfOH. The extended experimental data can be found in Table 3.2.

Mannino | UMSL 2019 | Page 61

Table 3.2. Examination of various reactions conditions for the HAD glycosylation of
glycosyl acceptor 3.10 with glycosyl donor 3.1

Entry

Promoter (equiv)

Conditions

1

DMTST (2.0)

Standard

2

DMTST (2.0)

Performed at rt

DMTST (2.0 + 2.0)

24 h, 50 mM

43 (1/1)

24 h, 5 mM

45 (1.3/1)

24 h, 50 mM

50 (2.2/1)

24 h, 5 mM

49 (1/1)

24 h, 50 mM

38 (1/1

After 1 h soln.

24 h, 5 mM

53 (1/1.7)

heated to 40 °C

24 h, 50 mM

60 (1.2/1)

24 h, 5 mM

24 (1/4.7)

24 h, 50 mM

16 (1/3.4)

24 h, 5 mM

26 (1/1)

24 h, 50 mM

34 (1/2.1)

24 h, 5 mM

24 (1/4)

24 h, 50 mM

34 (1/2.5)

After 1 h soln.

24 h, 5 mM

38 (1/3.7)

heated to 40 °C

24 h, 50 mM

42 (1/2)

promoter added at

4

DMTST

5

NIS/TfOH (2.0/0.2)

Standard

6

NIS/TfOH (2.0/0.2)

Performed at rt

7

8

-

+ 2.0/0.2)

NIS/TfOH (2.0/0.2)

(α/β)
49 (1/2.5)

3h

NIS/TfOH (2.0/0.2

Yield %

24 h, 5 mM

Additional
3

Time, conc.

Additional
promoter added at
3h

Unless noted otherwise, reactions were started at -30 °C and allowed to slowly warm to
rt.
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These results were puzzling to us because previously investigated 4-O-Pico donor
provided excellent syn-stereoselectivity for the synthesis of α-glucosides, which was
practically independent on the nature of the glycosyl acceptor.8 On the other hand, the
previously

investigated

6-O-Pico

mannosyl

donor

provided

excellent

syn-

stereoselectivity for the synthesis of β-mannosides.10 To develop a convenient tool-kit for
studying this controversial reaction, we turned our attention to glycosylation of small
molecule acceptors that could serve a simplified albeit more easily tunable platform for
studying possible electronic and steric effects on the outcome of the HAD reaction. The
key results of this study performed under low concentration conditions (5 mM of
glycosyl donor 3.1) are summarized in Table 3.3. Thus, all initially chosen primary
aliphatic acceptors exhibited complete β-selectivity and the corresponding glycosides
3.16-3.19 we obtained in moderate-to-excellent yields (56-86%, entries 1-4). However,
the stereoselectivity was diminished when 2,2,2-trichloroethanol was employed as the
glycosyl acceptor. Thus, glycosylation of this more electron poor trichloro-substituted
acceptor led to the formation of glycoside 3.20 in 77% with decreased selectivity α/β =
1/11.4 (entry 5) in comparison to the complete β-selectivity obtained with non-substituted
ethanol (entry 1).
To investigate the role of steric factors on the stereoselectivity of these reactions,
we chose a number of secondary and tertiary small molecule acceptors. The results of
these glycosylations are summarized in entries 6-9 (Table 2). Thus, glycosides 3.21-3.24
were obtained in 56-78% yields, but the stereoselectivity was even lower than that
obtained with trichloroethanol (α/β = 1/1.0-4.0). To further investigate the effect of
electronic factors on the stereoselectivity we chose a series of substituted phenol
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acceptors. Although stereoselectivity has been a well-documented problem with phenol
acceptors,32 their scalable electronic properties made them attractive targets.
Table 3.3. Glycosylation of small molecule acceptors to study the effect of steric and
electronic factors on the HAD reaction

Entry

Acceptor

Time

1

EtOH

0.5 h

Product
(yield, α/β ratio)

3.16 (86%, β-only)
2

0.5 h
3.17 (73%, β-only)

3

0.5 h
3.18 (56%, β-only)

4

0.5 h
3.19 (57%, β-only)

5

Cl3CCH2OH

0.5 h
3.20 (77%, 1/11.4)

6

1.5 h
3.21 (77%, 1/3.6)

7

1.5 h
3.22 (63%, 1/2.6)

8

1.5 h
3.23 (78%, 1/1.1)
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9

1.5 h
3.24 (56%, 1/4.0)

10

1.5 h
3.25 (81%, 1/4.7)

11

1.5 h
3.26 (63%, 1/5.5)

12

1.5 h
3.27 (52%, 1/1.2)

The results of these glycosylations are summarized in entries 10-12. Thus,
glycosides 3.25-3.27 were obtained in 52-81% yields, but the stereoselectivity was
modest (α/β = 1/1.2-5.5). Nevertheless, entries 10-12 reveal a correlation between the
electronics of the phenol acceptors and the stereoselectivity of their glycosylation.
Specifically, as compared to unsubstituted phenol (pKa = 10) that afforded glycoside 3.25
(α/β = 1/4.7, entry 10), a slightly less acidic p-methoxy phenol (pKa = 10.2)33 showed a
modest enhancement of stereoselectivity for the formation of glycoside 3.26 (α/β = 1/5.5,
entry 11). Conversely, glycosylation of a much more acidic p-nitrophenol (pKa = 7.2)33
led to the formation of glycoside 3.27 with practically entire loss of stereoselectivity (α/β
= 1/1.2, entry 12). In our opinion, this series of results clearly indicate the effect of the
glycosyl acceptor on the stereoselectivity outcome of the HAD reaction.
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3.3

Conclusions
The glycosylations of the HAD-capable glycosyl donor 3.1 with various glycosyl

acceptors were investigated. Primary acceptors, both carbohydrate and aliphatic alcohols
afforded the glycosylation products with complete β-selectivity. Secondary acceptors and
some primary acceptors with the reduced electron density of the hydroxyl group
exhibited reduced stereoselectivity. Additionally, secondary carbohydrate acceptors had
long reaction times and, in a number of cases, modest yields. Relieving some of the steric
crowding in secondary acceptors, such as that noted with the methylated acceptor 3.14,
led to a slightly improved stereoselectivity. The effect of electronic properties of glycosyl
acceptors were further investigated by glycosylation of a series of phenolic acceptors.
These reactions revealed a possible preliminary correlation between the electronics or
acidity of the hydroxyl to the stereoselectivity observed. These findings are in agreement
with the theory that hydrogen bonding is responsible for the observed selectivity in the
HAD reactions. It has been well documented that both acidity and sterics of hydrogenbond donors, the glycosyl acceptors in this case, can have a great influence on the
hydrogen-bond strength.34 Interestingly, these factors do not seem important when
employing 4-O-picoloyl donors that previously gave completely α-selective HADglycosylations with both primary and secondary acceptors.8

3.4

Experimental
General. Column chromatography was performed on silica gel 60 (70-230 mesh),

reactions were monitored by TLC on Kieselgel 60 F254. The compounds were detected
by examination under UV light and by charring with 10% sulfuric acid in methanol.
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Solvents were removed under reduced pressure at <40 °C. CH2Cl2 and ClCH2CH2Cl (1,2DCE) were distilled from CaH2 directly prior to application. Molecular sieves (4 Å) used
for reactions were crushed and activated in vacuo at 390 °C for an initial 8 h and then for
2-3 h at 390 °C for an initial 8 h and then directly prior to application. Optical rotations
were measured at ‘Jasco P-2000’ polarimeter. Unless noted otherwise, 1H NMR spectra
were recorded in CDCl3 at 300 or 600 MHz, 13C NMR spectra were recorded in CDCl3 at
75 MHz.

3.4.1. The synthesis of disaccharides
General procedure. Glycosyl donor 3.1 (0.05 mmol) and a glycosyl acceptor
(0.038 mmol) were dried in high vacuum for 1 h at rt. Molecular sieves (4 Å, 60 mg or
150 mg for 50 mM or 5 mM reaction, respectively) and freshly distilled 1,2dichloroethane (1.0 mL or 10.0 mL for 50 mM or 5 mM reaction, respectively) were
added and the resulting mixture was stirred under argon for 1 h at rt. The mixture was
cooled to -30 °C and DMTST (0.1 mmol) was added. The external cooling was removed,
and the reaction mixture was allowed to warm up to rt gradually. Upon completion (see
the time listed in Table 3.1), the solid was filtered off through a pad of Celite and rinsed
successively with dichloromethane. The combined filtrate (30 mL) was washed with sat.
aq. NaHCO3 (10 mL) and water (2 × 10 mL). The organic phase was separated, dried
with magnesium sulfate, and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (ethyl acetate – hexanes gradient elution). Diastereomeric
ratios were determined by comparison of the integral intensities of relevant signals in 1H
NMR spectra.
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Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-β-D-glucopyranosyl)-(1→6)-2,3,4-Tri-Obenzyl-α-D-glucopyranoside (3.3) was obtained as a clear syrup from glycosyl donor
3.18 and acceptor 3.225,26 in 90% (β-only, 50 mM) and 78% (β-only, 5 mM) yield. The
analytical data of the title compound were essentially the same as previously reported.8,35

O-(2,3,4-Tri-O-benzyl-6-O-picoloyl-β-D-glucopyranosyl)-(1→6)-1,2:3,4-di-Oisopropylidene-α-D-galactopyranose (3.5) was obtained as a yellow oil from glycosyl
donor 3.1 and commercial acceptor 3.4 in 91% (β-only, 50 mM) and 70% (β-only, 5 mM)
yield. Analytical data for 3.5: Rf = 0.44 (ethyl acetate/toluene, 2/5, v/v); [α]D22 -9.7 (c =
0.98, CHCl3); 1H NMR: δ, 1.30, 1.30, 1.42, 1.47 (4 s, 12H, 4 x CH3), 3.50 (dd, 1H, J2’,3’ =
8.3 Hz, H-2’), 3.64-3.75 (m, 4H, H-3’, 4’, 5’, 6a), 4.06-4.10 (m, 2H, H-5, 6b), 4.19 (dd,
1H, J3,4 = 8.0 Hz, H-3), 4.30 (dd, 1H, J2,3 = 4.8 Hz, H-2), 4.52 (d, 1H, J1’,2’ = 7.8 Hz, H1’), 4.53-4.63 (m, 4H, H-4, 6a’, 6b’, ½ CH2Ph), 4.73 (d, 1H, 2J = 11.2 Hz, ½ CH2Ph),
4.80 (d, 1H, 2J = 10.8 Hz, ½ CH2Ph), 4.88 (d, 1H, 2J = 10.8 Hz, ½ CH2Ph), 4.99 (d, 1H,
2

J = 10.8 Hz, ½ CH2Ph), 5.06 (d, 1H, 2J = 11.2 Hz, ½ CH2Ph), 5.55 (d, 1H, J1,2 = 5.0 Hz,

H-1), 7.21-7.43 (m, 15H, aromatic), 7.45-7.48 (m, 1H, Pico), 7.81 (dd, 1H, J = 7.6 Hz,
Pico), 8.04 (d, 1H, J = 7.8 Hz, Pico), 8.76 (d, 1H, J = 4.8 Hz) ppm;

13

C NMR: δ, 24.4,

25.0, 26.0 (×2), 64.4, 67.4, 70.0, 70.4, 70.7, 71.4, 72.8, 74.4, 75.0, 75.8, 77.5, 81.6, 84.6,
96.3, 104.5, 108.5, 109.3, 125.3, 126.6, 127.5, 127.7, 127.9, 128.0, 128.2, 128.4, 128.6,
136.9, 137.7, 138.4, 138.6, 147.8, 150.0, 164.6 ppm; HR-FAB MS [M+H]+ calcd for
C45H52NO12 798.3489, found 787.3538.
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Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranosyl)-(1→6)-2,3,4-tri-Obenzoyl-α-D-glucopyranoside (3.7) was obtained as a clear syrup from glycosyl donor
3.1 and acceptor 3.627 in 92% (α/β = 1/2.9, 50 mM) and 82% (α/β = 1/2.7, 5 mM) yield.
Analytical data for 3.7: Rf = 0.63 (ethyl acetate/toluene, 2/5, v/v); Selected 1H NMR data
for α-3.7: δ, 3.53 (s, 3H, OCH3) ppm; Selected 1H NMR data for β-3.7: δ, 3.42 (s, 3H,
OCH3), 3.88 (dd, 1H, J5,6a = 7.2 Hz, J6a,6b = 11.1 Hz, H-6a), 4.38-4.43 (m, 1H, H-5), 4.77
(, 1H, 2J = 10.8 Hz, ½ CH2Ph), 4.85 (, 1H, 2J = 10.8 Hz, ½ CH2Ph), 4.94 (d, 1H, 2J = 10.8
Hz, ½ CH2Ph), 5.02 (, 1H, 2J = 10.8 Hz, ½ CH2Ph), 5.16 (, 1H, 2J = 10.8 Hz, ½ CH2Ph),
5.52 (dd, 1H, J4,5 = 9.8 Hz, H-4), 6.20 (dd, 1H, J3,4 = 9.5 Hz, H-3), 8.80 (d, 1H, 3J = 4.6
Hz, Pico) ppm; Selected

13

C NMR data for β-3.7: δ, 55.6, 64.3, 68.8, 69.8, 70.4, 72.0,

72.9, 74.9, 75.0, 75.9, 77.4, 82.2, 84.5, 96.8, 104.0 ppm; HR-FAB MS [M+Na]+ calcd for
C61H57NNaO15 1066.3626, found 1066.3641.

Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranosyl)-(1→2)-3,4,6-tri-Obenzyl-α-D-glucopyranoside (3.9) was obtained as a clear syrup from glycosyl donor
3.1 and acceptor 3.828 in 48% (α/β = 1/1.3, 50 mM) and 42% (α/β = 1/2.6, 5 mM) yield.
Analytical data for 3.9: Rf = 0.57 (ethyl acetate/toluene, 2/5, v/v); Selected 1H NMR data
for α-3.9: δ, 3.34 (s, 3H, OMe), 7.98 (dd, 1H, J = 7.8 Hz, Pico) ppm; Selected 1H NMR
data for the β-3.9: δ, 3.45 (s, 3H, OMe), 3.87 (dd, 1H, J2,3 = 9.9 Hz, H-2), 8.03 (d, 1H, J =
7.8 Hz, Pico) ppm; Selected

13

C NMR data for the anomeric region of α/β-3.9: δ, 93.9,

99.3, 99.5, 104.1 ppm; HR-FAB MS [M+H]+ calcd for C61H63NO12Na 1024.4248, found
1024.4246.
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Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranosyl)-(1→3)-2,4,6-tri-Obenzyl-α-D-glucopyranoside (3.11) was obtained as a clear syrup from glycosyl donor
3.1 and acceptor 3.1029 in 43% (α/β = 1/1.0, 50 mM) and 49% (α/β = 1/2.5, 5 mM) yield.
Analytical data for 3.11: Rf = 0.24 (ethyl acetate/hexane, 2/5, v/v); Selected 1H NMR data
for α-3.11: δ, 3.31 (s, 3H, OCH3), 4.12 (dd, 1H, J3’,4’ = 9.1 Hz, H-3’), 5.57 (d, 1H, J1’2’ =
3.1 Hz, H-1’), 7.78 (dd, 1H, J = 7.8 Hz, Pico), 8.05 (d, 1H, J = 7.8 Hz, Pico), 8.74 (d, 1H,
J = 4.8 Hz, Pico) ppm; Selected 1H NMR data for β-3.11: δ, 3.29 (s, 3H, OCH3), 7.59
(dd, 1H, J = 7.8 Hz, Pico), 7.86 (d, 1H, J = 7.8 Hz, Pico), 8.70 (d, 1H, J = 3.9 Hz, Pico)
ppm; Selected

13

C NMR data for the anomeric region of α/β-3.11: δ, 97.1, 97.3, 97.7,

102.7 ppm; HR-FAB MS [M+Na]+ calcd for C61H63NNaO12 1024.4248, found
1024.4246.

Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranosyl)-(1→4)-2,3,6-tri-Obenzyl-α-D-glucopyranoside (3.13) was obtained as a clear syrup from glycosyl donor
3.1 and acceptor 3.1230 in 31% (α/β = 1/3.5, 50 mM) and 37% (α/β = 1/2.5, 5 mM) yield.
Analytical data for 3.13: Rf= 0.30 (ethyl acetate/hexane, 2/5, v/v); Selected 1H NMR data
for α-3.13: δ, 3.38 (s, 3H, OCH3), 5.57 (d, 1H, J1’,2’ = 3.7 Hz, H-1’), 7.75 (dd, 1H, J = 7.8
Hz, Pico), 7.98 (d, 1H, J = 7.8 Hz, Pico) ppm; Selected 1H NMR data for β-3.13: δ, 3.36
(s, 3H, OCH3), 5.05 (d, 1H, 2J = 11.3 Hz, ½ CH2Ph), 7.60 (dd, 1H, J = 7.6 Hz, Pico), 7.85
(d, 1H, J = 7.8 Hz, Pico) ppm; Selected

13

C NMR data for the anomeric region of α/β-

3.13: δ, 96.5, 97.9, 98.5, 102.7 ppm; HR-FAB MS [M+Na]+ calcd for C61H63NNaO12
1024.4248, found 1024.4246.
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Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranosyl)-(1→4)-2,3,6-tri-Omethyl-α-D-glucopyranoside (3.15) was obtained as a clear syrup from glycosyl donor
3.1 and acceptor 3.1431 in 31% (α/β = 1/2.5, 50 mM) and 38% (α/β = 1/4.3, 5 mM) yield.
Analytical data for α-3.15: Rf = 0.38 (ethyl acetate/dichloromethane, 1/1, v/v); [α]D22 93.4
(c = 0.88, CHCl3); 1H NMR: δ, 3.27 (dd, 1H, J2,3 = 9.5 Hz, H-2), 3.33, 3.40 (2 s, 6H, 2 ×
OCH3), 3.47-3.50 (m, 7H, H-6b, 2 × OCH3), 3.62 (dd, 1H, J2’,3’ = 9.8 Hz, H-2’), 3.69 (dd,
1H, J4’,5’ = 9.3 Hz, H-4’), 3.74 (dd, 1H, J3,4 = 9.1 Hz, H-3), 3.98-4.01 (m, 2H, H-5, 6a),
3.90-3.92 (m, 1H, H-5’), 3.95 (dd, 1H, J4,5 = 9.4 Hz, H-4), 4.00 (dd, 1H, J3’,4’ = 9.2 Hz,
H-3’), 4.53 (dd, 1H, J6a’6b’ = 11.8 Hz, H-6a’), 4.62-4.64 (m, 2H, H-6a’, ½ CH2Ph), 4.74
(d, 1H, 2J = 11.7 Hz, ½ CH2Ph), 4.83 (d, 1H, 2J = 11.7 Hz, ½ CH2Ph), 4.85 (d, 1H, J1,2 =
3.5 Hz, H-1), 4.89 (d, 1H, 2J = 11.1 Hz, ½ CH2Ph), 4.97 (d, 1H, 2J = 10.5 Hz, ½ CH2Ph),
5.70 (d, 1H, J1’,2’ = 3.5 Hz, H-1’), 7.17-7.37 (m, 15H, aromatic), 7.44-7.45 (m, 1H, Pico),
7.79 (dd, 1H, J = 7.7 Hz, Pico), 8.01 (d, 1H, J = 7.8 Hz, Pico), 8.75 (d, 1H, J = 4.6 Hz,
Pico) ppm;

13

C NMR: δ, 55.1, 58.7, 59.0, 60.1, 64.0, 69.0, 69.2, 70.6, 70.8, 73.2, 75.0,

75.9, 77.1, 79.9, 82.0, 82.1, 83.4, 95.9, 97.1, 125.2, 126.8, 127.8 (× 2), 127.9, 128.0 (× 4),
128.1 (× 2), 128.4 (× 2), 128.5 (× 3), 136.8 (× 2), 137.8, 138.4, 147.7, 150.1 (× 2), 164.6
ppm. Analytical data for β-3.15: Rf = 0.15 (ethyl acetate/dichloromethane, 1/1, v/v);
[α]D22 57.6 (c = 0.74, CHCl3); 1H NMR: δ, 3.09 (dd, 1H, J2,3 = 9.6 Hz, H-2), 3.26-3.37 (2
s, 6H, 2 × OCH3), 3.41-3.47 (m, 10H, H-2’, 3, 5, 6a, 2 × OCH3), 3.54-3.56 (m, 1H, H6b), 3.63-3.73 (m, 4H, H-3’, 4, 4’, 5’), 4.45 (d, 1H, J1’,2’ = 7.8 Hz, H-1’), 4.61-4.63 (m,
3H, H-6a’, 6b’, ½ CH2Ph), 4.76 (d, 1H, J1,2 = 3.6 Hz, H-1), 4.80 (d, 1H, 2J = 11.4 Hz, ½
CH2Ph), 4.83 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.86 (d, 2H, 2J = 11.1 Hz, ½ CH2Ph), 4.94
(d, 1H, 2J = 10.7 Hz, ½ CH2Ph), 7.19-7.33 (m, 15H, aromatics), 7.44-7.45 (m, 1H, Pico),
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7.78 (dd, 1H, 3J = 7.7 Hz, Pico), 8.03 (d, 1H, 3J = 7.9 Hz, Pico), 8.75 (d, 1H, 3J = 4.5 Hz,
Pico) ppm;

13

C NMR: δ, 29.7, 55.3, 58.9, 59.3, 60.2, 64.1, 69.6, 70.0, 72.6, 75.0, 75.1,

75.9, 77.4, 77.7, 80.6, 81.1, 82.6, 85.2, 97.7, 102.9, 125.2, 126.8, 127.6, 127.7 (× 2),
127.8 (× 3), 127.9, 128.1 (× 2), 128.3 (× 2), 128.4 (× 2), 128.5 (× 2), 136.8, 137.6, 138.2,
147.8, 150.0 (× 2), 164.5 ppm; HR-FAB MS [M+H]+ calcd for C43H51NNaO12 796.3308,
found 796.3341.

3.4.2. The synthesis of glycosides
General procedure. Glycosyl donor 3.1 (0.05 mmol) was dried in high vacuum for 1 h at
rt. Molecular sieves (4 Å, 150 mg), freshly distilled 1,2-dichloroethane (10.0 mL), and an
aliphatic or aromatic glycosyl acceptor (0.038 mmol) were added and the resulting
mixture was stirred under argon for 1 h at rt. The mixture was cooled to -30 °C and
DMTST (0.1 mmol) was added. The external cooling was removed, and the reaction
mixture was allowed to warm up to rt gradually. Upon completion (see the time listed in
Table 3.3), the solid was filtered off through a pad of Celite and rinsed successively with
dichloromethane. The combined filtrate (~30 mL) was washed with sat. aq. NaHCO3 (10
mL) and water (2 × 10 mL). The organic phase was separated, dried with magnesium
sulfate, and concentrated in vacuo. The residue was purified by column chromatography
on silica gel (ethyl acetate – hexanes gradient elution). Diastereomeric ratios were
determined by comparison of the integral intensities of relevant signals in 1H NMR
spectra.
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Ethyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-D-glucopyranoside (3.16) obtained as a clear
syrup from glycosyl donor 3.1 and freshly distilled ethanol in 86% yield (β-only).
Analytical data for 3.16: Rf = 0.21 (ethyl acetate/hexane, 2/5, v/v); [α]D22 30.4 (c = 0.41,
CHCl3); 1H NMR: δ, 1.18 (t, 3H, OCH2CH3), 3.51 (dd, 1H, J2,3 = 8.1 Hz, H-2), 3.51-3.67
(m, 4H, H-3, 4, 5, ½ CH2CH3), 3.83 (m, 1H, ½ CH2CH3), 4.38 (d, 1H, J1,2 = 7.8 Hz, H-1),
4.49 (dd, 1H, J5,6a = 4.9 Hz, J6a,6b = 10.9 Hz, H-6a), 4.54-4.59 (m, 2H, H-6b, ½ CH2Ph),
4.66 (d, 1H, 2J = 11.0 Hz, ½ CH2Ph), 4.73 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.82 (d, 1H,
2

J = 10.9 Hz, ½ CH2Ph), 4.90 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 7.14-7.30 (m, 15H,

aromatic), 7.37-7.42 (m, 1H, Pico), 7.74 (dd, 1H, J = 7.7 Hz, Pico), 7.98 (d, 1H, J = 7.8
Hz, Pico), 8.70 (d, 1H, J = 4.0 Hz, Pico) ppm; 13C NMR: δ, 15.3, 64.5, 65.8, 72.8, 74.9,
75.1, 75.9, 77.6, 82.2, 84.7, 103.5, 125.2, 126.9, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2,
128.4, 128.5 (× 3), 136.9, 138.4, 150.0 ppm; HR-FAB MS [M+Na]+ calcd for
C35H37NNaO7 606.2468, found 606.2468.

4-Azidobutyl

2,3,4-tri-O-benzyl-6-O-picoloyl-β-D-glucopyranoside

(3.17)

was

obtained as a colorless syrup from glycosyl donor 3.1 and 4-azido-1-butanol in 73% yield
(β-only). Analytical data for 3.17: Rf = 0.69 (ethyl acetate/toluene, 2/5, v/v); [α]D22 30.1
(c = 0.39, CHCl3); 1H NMR: δ, 1.62-1.71 (m, 4H, -CH2CH2-), 3.2-3.26 (m, 2H, -CH2N3),
3.45 (dd, 1H, J2,3 = 8.7 Hz, H-2), 3.52-3.55 (m, 1H, ½ -OCH2CH2-), 3.62 (dd, 1H, J4,5 =
9.1 Hz, H-4), 3.70 (m, 1H, H-5), 3.70 (dd, 1H, J3,4 = 8.9 Hz, H-3), 3.87-3.89 (m, 1H, ½ OCH2CH2-), 4.41 (d, 1H, J1,2 = 7.8 Hz, H-1), 4.56 (dd, 1H, J5,6a = 5.2 Hz, J6a,6b = 11.9
Hz, H-6a), 4.62 (d, 2H, 2J = 11.1 Hz, H-6b, ½ CH2Ph), 4.73 (d, 1H, 2J = 11.1 Hz, ½
CH2Ph), 4.80 (d, 1H, 2J = 10.7 Hz, ½ CH2Ph), 4.89 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.91
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(d, 1H, 2J = 11.1 Hz, ½ CH2Ph), 4.95 (d, 1H, 2J = 10.7 Hz, ½ CH2Ph), 7.22-7.36 (m,
15H, aromatic), 7.45-7.48 (m, 1H, Pico), 7.82 (dd, 1H, J = 7.7 Hz, Pico), 8.04 (d, 1H, J =
7.7 Hz, Pico), 8.76 (d, 1H, J = 4.5 Hz, Pico) ppm;

13

C NMR: δ, 25.6, 26.9, 51.1, 64.4,

69.2, 72.9, 74.9, 75.1, 75.9, 77.7, 82.2, 84.7, 103.5, 125.2, 126.9, 127.8 (× 2), 128.0 (× 5),
128.1 (× 2), 128.4 (× 3), 128.5 (× 6), 136.9, 137.6, 138.3, 147.7, 150.0 ppm; HR-FAB
MS [M+Na]+ calcd for C37H40NNaO7 675.2795, found 675.2798.

8-Trityloxyoctyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-D-glucopyranoside (3.18) was
obtained as a yellow syrup from glycosyl donor 3.1 and 8-trityloxy-1-octanol36 in 56%
yield (β-only). Analytical data for 3.18: Rf = 0.56 (ethyl acetate/hexane, 2/5, v/v); [α]D22
26.2 (c = 0.42, CHCl3); 1H NMR: δ, 1.19-1.32 (m, 8H, 4 x C-CH2-C), 1.55-1.62 (m, 4H,
2 x C-CH2-C), 3.00 (t, 2H, CH2OTr), 3.47 (dd, 1H, J2,3 = 8.7 Hz, H-2), 3.47-3.50 (m, 1H,
½ C-1-OCH2-), 3.62 (dd, 1H, J4,5 = 9.4 Hz, H-4), 3.67-3.70 (m, 1H, H-5), 3.70 (dd, 1H,
J3,4 = 8.9 Hz, H-3), 3.85-3.89 (m, 1H, ½ C-1-OCH2-), 4.42 (d, 1H, J1,2 = 7.8 Hz, H-1),
4.56 (dd, 1H, J5,6b = 5.1, J6a,6b = 11.8 Hz, H-6a), 4.61(d, 2H, 2J = 10.7 Hz, H-6b, ½
CH2Ph), 4.71 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.80 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.88
(d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.94 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.95 (d, 1H, 2J =
10.8 Hz, ½ CH2Ph), 7.19-7.43 (m, 31H, aromatic), 7.78 (dd, 1H, 3J = 7.7 Hz, Pico), 8.03
(d, 1H, 3J = 7.8 Hz, Pico), 8.74 (d, 1H, 3J = 4.5 Hz, Pico) ppm; 13C NMR: δ, 26.1, 26.2,
29.3, 29.5, 29.7, 30.0, 63.6, 64.5, 70.3, 72.8, 74.8, 75.1, 75.9, 77.7, 82.2, 84.7, 103.6,
125.2, 126.8 (× 3), 126.9, 127.7 (× 8), 127.9, 128.0 (× 2), 128.1 (× 3), 128.4 (× 4), 128.5
(× 2), 128.7 (× 6), 136.9 (× 2), 137.7, 138.3, 144.5 (× 5), 147.8, 150.0 (× 2), 164.7 ppm;
HR-FAB MS [M+Na]+ calcd for C60H63NNaO8 948.4452, found 948.4409.
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Benzyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-D-glucopyranoside (3.19) was obtained as a
colorless syrup from glycosyl donor 3.1 and benzyl alcohol in 57% yield (β-only).
Analytical data for 3.19: Rf = 0.28 (ethyl acetate/hexane, 2/5, v/v); [α]D22 8.3 (c = 0.99,
CHCl3); 1H NMR: δ, 3.48 (dd, 1H, J2,3 = 8.2 Hz, H-2), 3.58-3.67 (m, 3H, H-3, 4, 5), 4.47
(d, 1H, J1,2 = 7.7 Hz, H-1), 4.55-4.58 (m, 3H, H-6a, 6b, ½ CH2Ph), 4.65 (d, 1H, 2J = 11.0
Hz, ½ CH2Ph), 4.72 (d, 1H, 2J = 10.7 Hz, ½ CH2Ph), 4.83 (d, 1H, 2J = 11.2 Hz, ½
CH2Ph), 4.85-4.91 (m, 3H, 1.5 × CH2Ph), 7.18-7.26 (m, 15H, aromatic), 7.39-7.42 (m,
1H, Pico), 7.75 (d, 1H, J = 7.4 Hz, Pico), 8.00 (d, 1H, J = 7.8 Hz, Pico), 8.71 (d, 1H, J =
3.3 Hz, Pico) ppm; 13C NMR: δ, 64.4, 71.1, 72.9, 74.9, 75.0, 75.9, 77.6, 82.2, 84.7, 102.2,
125.2, 126.9, 127.7, 127.8, 127.9 (× 2), 128.0 (× 2), 128.1 (× 4), 128.2 (× 2), 128.4 (× 4),
128.5 (× 4), 136.9, 137.1, 137.6, 138.2, 138.3, 147.8, 150.1, 164.7 ppm; HR-FAB MS
[M+Na]+ calcd for C40H39NNaO7 668.2625, found 668.2632.

2,2,2-Trichloroethyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside (3.20)
was obtained as a clear syrup from glycosyl donor 3.1 and 2,2,2-trichloroethanol in 77%
yield (α/β = 1/11.4). Analytical data for 3.20: Rf = 0.31 (ethyl acetate/hexane, 2/5, v/v);
Selected 1H NMR data for β-3.20: δ, 3.57-3.77 (m, 4H, H-2, 3, 4, 5), 4.17 (d, 1H, 2J =
11.9 Hz, ½ CH2CCl3), 4.43 (d, 1H, 2J = 11.9 Hz, ½ CH2CCl3), 4.60-4.83 (m, 6H, H-1, 6a,
6b, 3 × ½ CH2Ph,), 4.89 (d, 1H, 2J = 10.8 Hz, ½ CH2Ph), 4.99 (d, 1H, 2J = 10.2 Hz, ½
CH2Ph), 5.11 (d, 1H, 2J = 10.6 Hz, ½ CH2Ph), 7.23-7.40 (m, 15H, aromatic), 7.47-7.51
(m, 1H, Pico), 7.84 (dd, 1H, J = 7.7 Hz, Pico), 8.04 (d, 1H, J = 7.7 Hz, Pico), 8.77-8.79
(m, 1H, Pico) ppm; Selected

13

C NMR data for β-3.20: δ, 62.9, 63.7, 72.7,74.6, 74.7,
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75.5, 76.8, 80.1, 81.3, 83.9, 95.9, 103.4, 124.8, 126.6, 127.4 (× 2), 127.5 (× 3), 127.6,
127.7 (× 2), 128.0 (× 8), 136.5, 137.0, 137.5, 137.8, 147.2, 149.61, 164.2 ppm; HR-FAB
MS [M+H]+ calcd for C35H35Cl3NO7 686.1478, found 686.1450.

Isopropyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside (3.21) was obtained
as a clear syrup from glycosyl donor 3.1 and freshly distilled isopropanol in 77% yield
(α/β = 1/3.6). Analytical data for 3.21: Rf = 0.60 (ethyl acetate/toluene, 2/5, v/v); Selected
1

H NMR data for α-3.21: δ, 1.15-1.16 (m, 6H, CH(CH3)2), 3.95 (sep, 1H, CH(CH3)2),

4.04-4.08 (m, 2H, H-3, 5), 5.02 (d, 1H, 2J = 10.5 Hz, ½ CH2Ph), 7.99 (d, 1H, J = 7.8 Hz,
Pico) ppm; Selected 1H NMR data for β-3.21: δ, 1.21-1.22 (m, 6H, CH(CH3)2), 3.45 (dd,
1H, J2,3 = 8.9 Hz, H-2), 3.95 (sep, 1H, CH(CH3)2), 4.49 (d, 1H, J1,2 = 7.8 Hz, H-1), 4.55
(dd, 1H, J5,6a = 5.4 Hz, J6a,6b = 11.6 Hz, H-6a), 4.70 (d, 1H, 2J = 10.8 Hz, ½ CH2Ph), 4.79
(d, 1H, 2J = 10.6 Hz, ½ CH2Ph), 4.88 (d, 1H, 2J = 10.8 Hz, ½ CH2Ph), 8.04 (d, 1H, J =
5.8 Hz, Pico) ppm; Selected 13C NMR data for the sugar region of α/β-3.21: δ, 64.6, 68.6,
69.4, 72.8, 72.9, 73.2, 74.9, 75.0, 75.2, 75.9, 77.7, 77.8, 80.0, 82.1, 82.2, 84.8, 94.7, 102.3
ppm; HR-FAB MS [M+Na]+ calcd for C36H39NNaO7 597.2727, found 620.2625.

Cyclohexyl

2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside

(3.22)

was

obtained as a clear syrup from glycosyl donor 3.1 and cyclohexanol in 63% yield (α/β =
1/2.0). Analytical data for 3.22: Rf= 0.45 (ethyl acetate/hexane, 2/5, v/v); Selected 1H
NMR data for the α-isomer of 3.22: δ, 4.06 (dd, 1H, J3,4 = 9.2 Hz, H-3), 4.12 (m, 1H, H5), 8.01 (d, 1H, 3J = 7.7 Hz, Pico) ppm; Selected 1H NMR data for the β-isomer of 3.22:
δ, 3.48 (dd, 1H, J2,3 = 8.5 Hz, H-2), 3.68-3.71 (m, 2H, H-3, 5), 4.54 (d, 1H, J1,2 = 7.8 Hz,
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H-1), 4.71 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph), 4.79 (d, 1H, 2J = 10.8 Hz, ½ CH2Ph), 4.88 (d,
1H, 2J = 10.9 Hz, ½ CH2Ph), 8.05 (d, 1H, 3J = 7.6 Hz, Pico) ppm; Selected 13C NMR data
for the sugar region of α/β-3.22: δ, 64.4, 64.6, 68.7, 72.7, 73.0, 74.9, 75.0, 75.2, 75.9,
77.8, 77.9, 78.4, 80.0, 82.1, 82.2, 84.8, 94.6, 102.1 ppm; HR-FAB MS [M+Na]+ calcd
for C39H43NNaO7 660.2937, found 660.2946.

t-Butyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside (3.23) was obtained
as a clear syrup from glycosyl donor 17 and commercially available t-butanol in 78%
yield (α/β = 1:1.1, 5 mM). Rf= 0.31 (ethyl acetate/hexane, 2/5, v/v); [α]D22 70.1 (c = 0.96,
CHCl3); Selected 1H NMR data for the α-isomer of 3.23 1H NMR: δ, 3.61 (dd, 1H, J4,5 =
9.5 Hz, H-4), 4.07 (dd, 1H, J3,4 = 9.3 Hz, H-3), 4.20-4.22 (m, 1H, H-5), 5.13 (d, 1H, J1,2 =
3.4 Hz, H-1), 8.01 (d, 1H, 3J = 7.8 Hz, Pico) ppm. Selected 1H NMR data for the βisomer of 23: δ, 3.45 (dd, 1H, J2,3 = 8.5 Hz, H-2), 8.03 (d, 1H, 3J = 7.7 Hz, Pico) ppm.
Selected

13

C NMR data for the sugar region of α/β-3.23: δ, 64.6, 64.8, 68.3, 72.7, 73.1,

75.0, 75.8, 78.1 (× 2), 82.0, 82.3, 85.1, 91.3, 97.8 ppm; HR-FAB MS [M+Na]+ calcd for
C37H41NNaO7 634.2781, found 634.2771

Adamantanyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside (3.24). The
title compound was obtained as a clear syrup from glycosyl donor 3.17 and adamantanol
in 56% yield (α/β = 1:10, 5 mM). Rf= 0.69 (ethyl acetate/toluene, 2/5, v/v); [α]D22 29.4 (c
= 1.0, CHCl3); Selected 1H NMR data for the α-isomer of 3.24: δ, 4.07 (dd, 1H, J3,4 = 9.1
Hz, H-3), 4.24-4.27 (m, 1H, H-5), 5.24 (d, 1H, J1,2 = 3.6 Hz, H-1), 8.02 (d, 1H, 3J = 7.8
Hz, Pico) ppm. Selected 1H NMR data for the β-isomer of 3.24: δ, 3.45 (dd, 1H, J2,3 = 8.8
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Hz, H-2), 3.51 (dd, 1H, J4,5 = 9.4 Hz, H-4), 3.69 (dd, 1H, J3,4 = 9.0 Hz, H-3), 3.69-3.73
(m, 1H, H-5), 4.60 (d, 1H, 2J = 11.0 Hz, ½ CH2Ph), 4.77 (d, 1H, 2J = 10.9 Hz, ½ CH2Ph),
4.88 (d, 1H, 2J = 11.0 Hz, ½ CH2Ph), 4.93 (d, 1H, 2J = 10.7 Hz, ½ CH2Ph), 4.99 (d, 1H,
2

J = 10.9 Hz, ½ CH2Ph), 8.05 (d, 1H, 3J = 7.8 Hz, Pico) ppm; Selected 13C NMR data for

the sugar region for the α-anomer of 3.24: δ, 64.8, 72.6, 74.9, 75.4, 75.9, 78.2, 82.2, 85.1,
96.2 ppm; HR-FAB MS [M+Na]+ calcd for C43H47NNaO7 712.3250, found 712.3265.

Phenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside (3.25). The title
compound was obtained as a clear syrup from glycosyl donor 3.17 and phenol in 81%
yield (α/β = 1:4.7, 5 mM). Rf= 0.36 (ethyl acetate/hexane, 2/5, v/v); [α]D21 21.9 (c = 0.99,
CHCl3); Selected 1H NMR data for β-isomer of 3.25: δ, 4.10-4.15 (m, 1H, H-5), 4.27 (dd,
1H, J3,4 = 9.8 Hz, H-3), 5.45 (d, 1H, J1,2 = 2.8 Hz, H-1), 8.75 (d, 1H, 3J = 5.0 Hz, Pico)
ppm; Selected

13

C NMR data for the sugar region of α/β-3.7: δ, 64.4, 73.1, 75.1, 76.0,

77.3, 77.7, 82.0, 84.7, 95.0, 101.6 ppm; HR-FAB MS [M+Na]+ calcd for C39H37NO7Na
654.2467, found 654.2479.

p-Methoxyphenyl

2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside

(3.26).

The title compound was obtained as a clear oil from glycosyl donor 3.17 and p-methoxy
phenol in 63% yield (α/β = 1/5.5, 5 mM). Rf = 0.24 (ethyl acetate/hexane, 2/5, v/v); [α]D22
13.2 (c = 0.99, CHCl3); Selected 1H NMR data for α-isomer of 3.26: δ, 4.17 (m, 1H, H5), 4.25 (dd, 1H, J4,3 = 9.2 Hz, H-3), 5.34 (d, 1H, J1,2 = 3.4 Hz, H-1), 6.72 (d, 2H, 3J = 8.8
Hz, CH phenolyl), 8.75 (d, 1H, 3J = 4.5 Hz, Pico) ppm; Selected 1H NMR data for βisomer of 3.26: δ, 4.98 (d, 1H, 2J = 10.8 Hz, ½ CH2Ph), 5.07 (d, 1H, 2J = 10.8 Hz, ½
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CH2Ph), 6.68 (d, 2H, J = 8.8 Hz, CH phenyl), 7.82 (dd, 1H, J = 7.4 Hz, Pico), 8.03 (d,
1H, J = 7.8 Hz, Pico), 8.80 (d, 1H, J = 4.4 Hz, Pico) ppm; Selected 13C NMR data for the
sugar region of α/β-3.8: δ, 95.9, 102.7 ppm; HR-FAB MS [M+Na]+ calcd for
C40H39NO8Na 684.2573, found 684.2576.

p-Nitrophenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-D-glucopyranoside (3.27). The
title compound was obtained as a clear syrup from glycosyl donor 3.17 and p-nitrophenol
in 52% yield (α/β = 1:1.2, 5 mM). Rf= 0.30 (ethyl acetate/hexane, 2/5, v/v); [α]D22 73.1 (c
= 0.4, CHCl3); Selected 1H NMR data for the α-isomer of 3.27: δ, 3.76 (dd, 1H, J2,3 = 9.4
Hz, H-2), 4.22 (dd, 1H, J3,4 = 9.1 Hz, H-3), 5.40 (d, 1H, J1,2 = 3.6 Hz, H-1), 7.02 (d, 1H, J
= 9.3 Hz, nitro CH-NO2), 8.71 (d, 1H, J = 7.3 Hz, Pico) ppm. Selected 1H NMR data for
the β-isomer of 3.27: δ, 4.43 (dd, 1H, 2J = 11.7 Hz, H-6a), 5.07 (d, 1H, J1,2 = 10.6 Hz, H1), 7.08 (d, 1H, J = 9.2 Hz, nitro CH-NO2), 8.83 (d, 1H, J = 7.3 Hz, Pico) ppm. Selected
13

C NMR data for the sugar region of α/β-3.9: δ, 63.8, 64.1, 70.2, 73.5, 75.2, 75.3, 76.0,

76.2, 77.3, 79.6, 79.6, 81.6, 82.0, 84.6, 94.9, 100.4, 116.6 (× 2) ppm. HR-FAB MS
[M+Na]+ calcd for C39H36N2NaO9 699.2319, found 699.2287.

3.5
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CHAPTER 4

Synthesis of β-glucosides with 3-Opicoloyl-protected glycosyl donors in
the presence of excess triflic acid: a
mechanistic study
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4.1 Introduction
Carbohydrates or glycans are a class of biomolecules that are ubiquitously found
in all living organisms. The importance of these molecules is connected to their
involvement in a wide variety of biological functions.1-3 Determining a relationship
between the structure and function of these glycans not only helps to elucidate biological
processes, but also opens the door for carbohydrate-based therapeutic agent and
diagnostic platform development. Obtaining glycans from natural sources can be
challenging due to their high complexity and low abundance.4 The availability of glycans
is essential for innovations in all areas of glycosciences. Pure glycans are essential for
analytical purposes such as glycan microarray development5 or as mass spectral
standards. Glycans biomarkers are also essential for medicinal applications that include
vaccine development and pharmaceuticals.6 In principle, chemical synthesis can be an
efficient method for structurally precise glycan production, making it a powerful tool in
the field of glycoscience.
Chemical glycosylation is the cornerstone reaction of carbohydrate chemistry.
This reaction links together two glycosyl counterparts, glycosyl donor and glycosyl
acceptor, through the formation of a glycosidic bond. Due to their inherit SN1-type
nature, achieving stereoselectivity in glycosylations is a constant struggle. To alleviate
this problem, many direct and indirect methods have been developed that attempt to
control the preferential formation of either 1,2-cis or 1,2-trans glycosides.7 One of the
methods termed the Hydrogen-bond-mediated Aglycone Delivery (HAD) glycosylation
was introduced in our lab.8 In this method, the glycosyl donor is functionalized with a
protecting group capable of acting as a hydrogen bond acceptor (HBA) at a remote
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position of the sugar (C-3, 4 or 6). This HBA group forms a hydrogen bond with the free
hydroxyl group of the glycosyl acceptor, resulting in the formation of a hydrogen-bonded
complex. Upon activation, the glycosyl acceptor is “delivered” to the anomeric center of
the donor, and the orientation of the H-bonded acceptor determines the selectivity of the
new glycosidic bond, syn in respect to the HBA substituent (Scheme 4.1).
Scheme 4.1. Hydrogen-bond-mediated Aglycone Delivery (HAD)

The key to the HAD methodology is the selection and application of the HBA
protecting group. Several HBA-capable protecting groups have been developed,8-10
among which the picoloyl ester (Pico) is the most common. The advantage of this
substituent lies in its facile installation and chemoselective removal using zinc(II) acetate
or copper(II) acetate,11 making it very appealing for iterative oligosaccharide synthesis.1214

This Chapter is dedicated to the investigation of 3-O-picoloylated glucosyl donors.

Glycosidation of these substrates is practically unexplored, limiting the scope and
applicability of the HAD method.
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4.2. Results and Discussion
In our original study of HAD, we developed reaction conditions that allowed for
excellent stereoselectivity with a variety of substrates.8 With the primary focus on
glycosyl donors of the D-gluco series, several compounds were investigated. The
performance of 4-Pico donor 4.1 was particularly impressive. Reaction of this donor with
acceptor 4.2 provided α-linked product 4.3 due to the orientation of the substituent at C-4
(down). To achieve good yield (73%) and complete stereoselectivity for the formation of
disaccharide 4.3, the reaction was performed in the presence of DMTST at low
concentrations as listed in entry 1 (Table 1).8 During this study we came to the realization
that other important factors are essential for high stereoselectivity. For example, it was
determined that donor preactivation leads to complete loss of stereoselectivity. We also
observed that the use of excess electrophilic promoter, such as DMTST or TfOH, leads to
a decline of stereoselectivity. These observations highlighted the necessity for the
formation of the donor-acceptor H-bonded complex.
Equally impressive was the performance of 6-Pico donor 4.4 that was found to be
capable of providing complete stereoselectivity in reaction with donor 4.2. However, in
this case the β-stereoselectivity was obtained due to the orientation of the substituent at
C-6 (up). To achieve a good yield (78%) and complete stereoselectivity for the formation
of disaccharide 4.5, the reaction was performed under essentially the same reaction
conditions as previously mentioned, low excess of DMTST at low concentration as listed
in entry 2 (Table 4.1).15
The application of the HAD method for delivering from the C-3 position
remained practically unexplored. A number of reactions have been studied with 3-O-
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picolinyl (Pic) ether-protected donor 4.6. Although a good yield of 85% and a respectable
β-stereoselectivity of α/β = 1/15.6 was observed for the synthesis of disaccharide 4.7
(entry 3), the experimentation to enhance this result was never pursued.8 To further
broaden the scope of the HAD methodology, we obtained 3-Pico protected donor 4.8 and
investigated its glycosidation with acceptor 4.2. To our surprise, the outcome of this
reaction was disappointing. Despite an excellent yield of disaccharide 4.9 (90%), the
stereoselectivity dropped to α/β = 1/2.6 (entry 4). Interestingly, our previous studies with
donor 4.10, a D-manno analogue of glucosyl donor 4.8, gave us very strong preference
for the formation of β-configured products.13 The reactions with mannosyl donor 4.10
were conducted at room temperature and regular dilution producing disaccharide 4.11 in
92% (α/β = 1/7.0, entry 5). Even better selectivity was achieved with N-iodosuccinimide
(NIS) and catalytic triflic acid (TfOH) promoter system leading to disaccharide 4.11 in
89% yield (α/β = 1/8.0, entry 6). Given this improvement, we decided to investigate the
effectiveness of the NIS/TfOH promoter system for the activation of the 3-Pico glucosyl
donor 4.8.
Table 4.1. Performance of HAD donors can differ

Entry

Donor (conc.)

Promoter (equiv), conditions, time

Product, yield,
α/β ratio
4.3, 73%, α only

4.1 (5 mM)

DMTST (2)
4Å MS, 1,2-DCE
-30 oC  rt, 4 h

1
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4.5, 78%, β only

4.4 (5 mM)

DMTST (2)
4Å MS, 1,2-DCE
-30 oC  rt, 2 h

4.7, 85%, 1/15.6

4.6 (5 mM)

DMTST (2)
4Å MS, 1,2-DCE
-30 oC  rt, 3 h

4.9, 90%, 1/2.6

4.8 (5 mM)

DMTST (2)
4Å MS, 1,2-DCE
-30 oC  rt, 3 h
DMTST (2)
4Å MS, 1,2-DCE
rt, 30 min

4.11, 92%, 1/7.0

2

3

4

5
4.10 (50 mM)
6

4.10 (50 mM)

7

4.8 (5 mM)

8

4.8 (50 mM)

9

4.8 (50 mM)

10

4.8 (50 mM)

11
4.12 (50 mM)

NIS(3)/TfOH(0.3)
4Å MS, 1,2-DCE
rt, 20 min
NIS(3)/TfOH(0.3)
4Å MS, 1,2-DCE
-30 oC  rt, 3.5 h
NIS(2)/TfOH(0.2)
4Å MS, 1,2-DCE
-30 oC  rt, 24 h
NIS(2)/TfOH(2)
4Å MS, 1,2-DCE
-30 oC, 30 min
NIS(1.2)/TfOH(2.5)
4Å MS, 1,2-DCE
-30 oC, 30 min
NIS(1.2)/TfOH(2.5)
4Å MS, 1,2-DCE
-30 oC, 30 min

4.11, 89%, 1/8.0

4.9, 81%, 1/4.3

4.9, 90%, 1/3.3

4.9, 79%, 1/16.6

4.9, 85%, 1/23

4.13, 86%, 1/1.0

To our delight, the activation of donor 4.8 under essentially the same conditions
as those developed for the HAD synthesis of mannosides led to the formation of
disaccharide 4.9 with an improved stereoselectivity in comparison to that achieved with
DMTST (α/β = 1/2.6, entry 4). Thus, reactions using low (5 mM) or standard (50 mM)
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concentrations afforded disaccharide 4.9 in 81% (α/β = 1/4.3, entry 7) and 90% (α/β =
1/3.3, entry 8), respectively.
Not satisfied with these results, we began to look for ways to significantly
improve the stereoselectivity in these reactions. Recent work on the HAD methodology
by De Meo et al. introduced new reaction conditions which showed a significant increase
in selectivity with the 4-Pico functionalized sialic acid donors.16 The new conditions were
made by modifying the ratio of the NIS and TfOH promoter system. Typically used in
catalytic amounts, TfOH was increased to equimolar amounts with respect to NIS, 2
equiv with respect to the donor. These modified conditions brought about a dramatic
change in stereoselectivity from α/β = 3/1 to 14/1, and have since been applied to other
sialylations.17 Thus, glycosylation of acceptor 4.2 with donor 4.8 under promoter
conditions performed with 1 or 2 equiv of TfOH were conducted and found to afford
enhanced β-stereoselective. For instance, glycosidation of donor 4.8 performed in the
presence of NIS and TfOH (2 equiv each) gave disaccharide 4.9 in 79% and excellent
stereoselectivity (α/β = 1/16.6, entry 9).
Given this impressive enhancement in selectivity, we then decided to further
optimize the reaction conditions. After careful refinement, we came to realization that
NIS (1.2 equiv) and TfOH (2.5 equiv) provide the best combination of rates,
stereoselectivity and yields. Thus, glycosylation of acceptor 4.2 with donor 4.8 under
these reaction conditions produced disaccharide 4.9 in 85% yield and practically
complete β-stereoselectivity (α/β = 1/23, entry 10).
In our opinion, this was a very notable accomplishment that had probably little to
do with the HAD pathway considering how much protic acid was present in the reaction
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medium.

Understanding

this,

we

began

to

wonder

whether

the

observed

stereoselectivities were a result of the reaction conditions alone or required the presence
of the Pico substituent. To address this question, we prepared 3-O-benzoylated donor
4.12 and glycosidated it under the same reaction conditions. While very rapid, this
reaction produced the corresponding disaccharide 4.13 in 86%, albeit no-stereoselectivity
(α/β = 1/1.0, entry 11). This observation implied that the Pico group is needed, but if it is
not involved in the HAD pathway, by what mechanism does the reaction proceed by?
Turning back to the study by De Meo et al.16 that proposed the possible protonation of
the picolinyl nitrogen in the presence of excess triflic acid, we began theorizing how this
would impact our system. Considering the highly acidic solution and the basic nature of
the nitrogen, we hypothesized that the Pico group must be protonated. Over the course of
our study, we observed that the stereoselectivity under these conditions is greatly
enhanced when there is a full equivalent excess of TfOH in respect to the iodonium
conjugate base, succinimide anion from NIS. Based on this observation, we postulated
that the reaction proceeds through the initial protonation of glycosyl donor 4.8 with the
equimolar amount of TfOH.
Conventional glycosylations with donors not containing the Pico substituent are
herein exemplified by the reaction of donor 4.12 with acceptor 4.2 to produce
disaccharide 4.13. The thioethyl leaving group is activated by the interaction with the
iodonium ion. The anomeric C—S bond of the resulting glycosyl sulfonium ion then
dissociates to form the glycosyl cation that is stabilized via formation of the
oxacarbenium ion (Scheme 4.2). This common glycosylation pathway is then followed
by the nucleophilic attack of the glycosyl acceptor in a non-stereoselective manner. We
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believe that, under the newly optimized reaction conditions, glycosidation of 3-Pico
derivative 4.8 follows a different mechanistic pathway.
Scheme 4.2. Typical glycosidation of common thioglycosides with NIS/TfOH

The excess TfOH serves to protonated the Pico group and simultaneously forms
the reactive iodonium cation by reacting with NIS. Since donor 4.8 is already ionized via
protonation of the picoloyl nitrogen, the would-be oxacarbenium ion is not able to form.
Instead, the iodonium ion approaches the sulfur atom of the thioether as the triflate
counterion approaches the anomeric center. This concomitant interactions result in the
formation of the covalently bound anomeric triflate A in a concerted fashion, Scheme 4.3.
The subsequent nucleophilic attack of the acceptor then follows the concerted
displacement pathway that avoids the ionization at the anomeric center leading to the
overall retention of the anomeric configuration.
Glycosyl triflates have been widely studied in the field of synthetic carbohydrate
chemistry.18 First reported by Kronzer and Schuerch in 1973,19 these highly reactive
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species are susceptible to SN2-like attacks from glycosyl acceptors with the contact ion
pair

of

α-triflate

intermediates,

affording

excellent

stereoselectivity.20

These

intermediates have been formed from a variety of different donor substrates using a
handful of promoter systems,18 including NIS/TfOH.21,22 Variable temperature (VT)
NMR experiments are typically conducted to provide evidence for the formation of these
species.18
Scheme 4.3. Proposed reaction pathway of donor 4.8 with acceptor 4.2 with excess
TfOH

Glycosyl triflates are highly reactive intermediates and their stabilities are
measured by monitoring the temperature at which they decompose in VT-NMR
experiments. Their stability is often a function of specific structural features of the
corresponding donor that favors the formation of the glycosyl triflate over the
conformationally altered, charged oxacarbenium ion. These structural features include
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bicyclic protecting groups that hinder the conformational flip of the oxacarbenium
ion,23,24 or electron withdrawing protecting groups, which destabilize the positively
charged oxacarbenium ion. In latter example, it has been shown that both the strength of
the electron withdrawing group25,26 and its location on the ring26 influence glycosyl
triflate stability. Importantly, the stabilities of these intermediates have been found to be
directly related to the stereoselectivity obtained.25,26,27
Although not as thoroughly investigated as their mannosyl counterparts, several
examples of glucosyl triflates have been reported, but the stereoselectivity obtained with
these intermediates can be poor due to their instability.18 All previously reported glucosyl
triflates that produce high β-stereoselectivity in the absence of a participating group at C2 contain bicyclic functionality. These examples include 2,3-O-carbonate28 and 3,4-Obisacetal29 protecting groups. Unlike with mannosyl substrates, electron withdrawing
protecting groups at remote positions have not been reported for the stabilization of
glucosyl triflates. In application to our system the protonated donors forms a stable fivemember ring between the nitrogen and the adjacent carbonyl oxygen. This charged
substituent offers powerful electron withdrawal [N+(Me)3 σp = 0.82, N≡N+ σp = 1.91],30
and its proximity to the anomeric center inhibits the formation of the positively charged
oxacarbenium ion. This affect causes the preferential formation of the glycosyl triflate
intermediate, which is subsequently displaced by the glycosyl acceptor in a SN2-like
fashion providing excellent β-stereoselectivity.

4.3. Mechanistic investigation
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To investigate the protonation of these substrates we then decided to
spectroscopically investigate the effect of donor 4.8 in the presence of stoichiometric
TfOH. Monitoring chemical shift changes in 1H NMR spectra was the primary focus of
these investigations. It is important to note that no chemical shift changes were observed
for per-benzylated donor 4.16 or the 3-O-benzoylated donor 4.12 (Figure 4.1), suggesting
that TfOH is not an NMR shift reagent. With donor 4.8, we noticed several proton signals
had changed location in the presence of TfOH.
Figure 4.1. Studying the effect of protonation on a series of glycosyl donors
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The major changes occurred with the phenyl (aromatic protons), benzyl (geminal
methylene protons), H-3 (sugar proton) signals and the pyridine (heterocycle protons)
signals. The Pico aromatic protons exhibit a downfield shift, the phenyl aromatic protons
are partially shifted up field and are less convoluted, the geminal methylene protons are
expanded, and the H-3 sugar proton experiences an upfield shift. The observed changes
as a result of TfOH, specifically the downfield shift of the Pico protons, suggest
protonation of the donor.
There are some important observations to make from these initial studies. There
are no significant changes in either the chemical shift or in the splitting of other sugar or
ethylthio group protons. This further confirms that triflic acid is not acting as an NMR
shift reagent and that its presence does not distort the conformation of the ring. The
chemical shift difference ∆δ of H-3 was greatly diminished when switching to the
methylated derivative 4.15, but the Pico protons remain shifted downfield.
However, it remains unclear why the H-3 proton experiences an upfield shift. This
is peculiar as one would anticipate the effect of a charged electronically withdrawing
moiety to cause a down field shift if anything. Furthermore, it was recently reported by
Mong et. al. that coordination of the Pico protecting group with TMS does not alter the
chemical shift of the adjacent sugar proton.31 To better understand the origin of this
spectroscopic affect, the methyl ester derivative of picolinic acid, was prepared and
examined by NMR both with and without TfOH. Predictably a mild downfield shift of
the adjacent methyl group was observed, accompanied by a larger downfield shift of the
Pico protons. This suggests that the changes in chemical shift are not an inherit effect of
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Pico protonation, rather they must partially arise from other aspects of the glycosyl
donor.
Curiously, both the benzyl methylene and aromatic proton’s chemical shifts are
affected by Pico protonation. It has been shown that pyridine moieties can form
intramolecular π-π stacking interactions with phenyl rings. This affect was shown to be
even stronger when the pyridine rings were positively charged.32 Understanding this, we
hypothesize that once protonated the extremely electron deficient pyridine ring must act
as a π-acceptor and participate in π-π stacking with the benzyl rings of neighboring
substituents. This interaction could overlap with the H-3 proton, thus shielding the proton
causing an upfield shift in the NMR spectra. To prove this, methylated derivatives of the
3-Pico glucosyl donor were prepared and analyzed by NMR in the presence of TfOH. In
addition, glycosylation reactions were performed with these donors to assure that the
proposed benzyl interactions do not influence the selectivity. The results of these
experiments will appear in subsequent articles.
An NMR experiment providing evidence of the proposed glucosyl triflate is
paramount to this study. Unfortunately, the benzylated donor 4.8 exhibits an over
complicated NMR spectra in the presence of TfOH with upfield shifts of aromatic
protons that range and hinder view of the spectrum between 6.50 and 7.50 ppm (Figure
4.1). This may be problematic as the anomeric proton of glycosyl triflates have been
known to resonate from 5.95-6.94 ppm.18 Due to these concerns, the methylated donor
4.14 was selected for the experiment. Methylated donors provide similar glycosylation
results, produce simpler spectra and have previously been used to identify glycosyl
triflates in NMR experiments.23
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In order to account for all the possible species observed during the NMR
experiment, the hydrolysis (4.18) and methanolysis (4.17) derivatives of 4.14 were
prepared and their corresponding spectra were obtained for comparison (Figure 4.2). Due
to various challenges using the VT-NMR for extended periods of time, a careful and
precise protocol was developed for performing an adequate NMR experiment (listed in
the experimental section).
Figure 4.2. Low temperature reaction monitoring and identification of the key
intermediates

Glycosyl donor 4.14 was preactivated in the presence of NIS/TfOH (1/2) and
analyzed by NMR. The resulting NMR spectrum revealed the presence of two major
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species, Figure 4.2. The larger of the two species is identified as the protonated glycosyl
donor 4.14, which is characterized from the δ H-3 = 5.4 ppm and δ H-1 = 4.4 ppm. The
second species contains a peak resonating at 6.9 ppm with a coupling constant of 5.8 Hz.
Analysis of the 2-dimensional COSY spectrum determines this signal to be representative
of an anomeric proton that is coupled to a H-2 proton around 4.25 ppm which in turn is
coupled to a H-3 proton at 5.5 ppm. The H-3 signal has a similar downfield chemical
shift to that of the other H-3 protons adjacent to Pico. Furthermore, the signal at 6.9 ppm
integrates to the same value as a signal found at 9.7 ppm (Figure 4.3), which exhibits
COSY characteristics of a Pico proton. All of these aspects suggest that the signal
appearing at 6.9 ppm is indeed the anomeric proton of a substrate functionalized with
Pico at the C-3 position.
Figure 4.3. Spectra comparison from NMR experiment of 4.8
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We then aimed to confirm this species as a glycosyl triflate. To do this, we must
consider all the intermediates possible from the promoter system. Spectroscopic evidence
for both glycosyl iodides18 and succinimides33 have previously been reported and, in
theory, either could be generated from N-iodosuccinimide (NIS). The only reported
glycosyl succinimide was shown to resonate at 5.5 ppm which would be far too upfield to
be compared with our signal at 6.9 ppm. Glycosyl iodides on the other hand, have been
known to reside downfield.18 To determine if the observed intermediate originates from a
glycosyl iodide, the NMR experiment is repeated using N-bromosuccinimide (NBS). If
the peak at 6.9 ppm corresponds to a glycosyl halide, then employing NBS would result
in the formation of the glycosyl bromide which would have a different chemical shift
than the corresponding glycosyl iodide, changing the chemical shift of the signal at 6.9
ppm.
The results of the NMR experiment with NBS showed the complete consumption
of the donor, resulting in the formation of three species characterized by their respective
anomeric signals (δ H-1 = 7.7 ppm, J1,2 = 8.9 Hz; δ H-1 = 6.9 ppm, J1,2 = 5.6 Hz; δ H-1 =
6.7 ppm, J1,2 = 3.7 Hz). Satisfyingly, the suspected glycosyl triflate signal at 6.9 ppm was
formed under these conditions. This result signifies that the formation of glycosyl triflate
A is independent of the halogen. The other anomeric signals resonating at 7.7 and 6.7
ppm are suspected to be the corresponding β- and α-glucosyl bromides α-4.19 and β-4.19,
respectively. To confirm this, the α-bromide derivative of donor 4.8 was prepared and
analysis of its NMR confirmed the signal at 6.7 ppm to be α-4.19, Figure 4.2. These
results show that the same intermediate A with a characteristic signal at 6.9 ppm, is
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generated both from NIS and from NBS, confirming that this species is not a glycosyl
halide.
To confirm this species as an intermediate two equivalence of methanol are added
soon after the species is identified. The signals in question disappear and the emergence
of the corresponding β-methoxide β-4.17 signals are formed, δ H-1 = 4.3 ppm, along with
trace amounts of the α-methoxide α-4.17, δ H-1 = 5.0 ppm. Interestingly, the signals of
the protonated donor 4.14 remain after methanol addition. These results confirm that the
species resonating at 6.9 ppm is indeed an intermediate, and that the protonated donor is
unable to form product directly. Both of these observations support the hypothesis of the
glycosyl triflate formation as a result of Pico protonation.

4.4 Conclusions
Excellent β-selectivity for the glycosylation with 3-Pico glucosyl donors, without
the use of participating group at C-2, was observed. This method utilizes the optimized
NIS/excess TfOH promoter system described by De Meo in application to 4-Pico
protected sialyl donors and optimized here.16 Protonation of the Pico group was
determined to be crucial in this reaction. Optimal results were obtained when 2 x TfOH
was used in relation to NIS. NMR experiments were conducted and showed the presence
of an intermediate corresponding to the donor substrate with an anomeric signal
resonating at 6.9 ppm. Eliminating the glycosyl halide and succinimide as possibilities,
the identity of this new species is hypothesized to be the glucosyl triflate. The high
stability of this glucosyl triflate is predicated on the electron withdrawing potency of the
protonated Pico group.
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To our knowledge, this is a novel electronically deactivating method employed to
stabilize a glucosyl triflate intermediate.25,26 The protonation of Pico changes its
properties transforming it into a very powerful electron-withdrawing group that could
have deep mechanistic implications that may trigger new exciting applications in
synthetic chemistry. Further investigation of this reaction using different reaction
conditions, promoter systems, and protecting groups is discussed in Chapter 5.

4.5 Experimental
4.5.1 General experimental
Column chromatography was performed on silica gel 60 (70-230 mesh), reactions were
monitored by TLC on Kieselgel 60 F254. The compounds were detected by examination
under UV light and by charring with 10% sulfuric acid in methanol. Solvents were
removed under reduced pressure at <40 °C. CH2Cl2 and ClCH2CH2Cl (1,2-DCE) were
distilled from CaH2 directly prior to application. Molecular sieves (3 or 4 Å) used for
reactions were crushed and activated in vacuo at 390 °C for an initial 8 h and then for 2-3
h at 390 °C directly prior to application. Optical rotation was measured at ‘Jasco P-2000’
polarimeter. Unless noted otherwise, 1H NMR spectra were recorded in CDCl3 at 300 or
600 MHz,

13

C NMR spectra were recorded in CDCl3 at 75 MHz. High resolution mass

spectrometry (HRMS) was carried out on ESI-TOF mass spectrometer.

4.5.2 NMR experiments Glycosyl donor 4.14 (24.6 mg, 0.066 mmol) was dried in vacuo
for 1 h, then dissolved in CDCl3 (1.0 mL), freshly activated molecular sieves (4Ȧ) were
added, and the resulting mixture was stirred under argon for 1 h at rt. The mixture was
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cooled to -50 °C, NIS (1.0 equiv) and TfOH (2.0 equiv) were added and the resulting
reaction mixture was stirred for 10 min at rt. The resulting mixture was cooled to -60 °C,
transferred to an NMR tube, and the latter was placed in liquid nitrogen. The NMR
spectrometer was preshimed using a standard sample containing 4.14 (24.6 mg, 0.066
mmol) in CDCl3 (1.0 mL). The NMR tube containing frozen reaction mixture was then
inserted into the NMR spectrometer and analyzed repeatedly (1H NMR and COSY) for
10 min. Methanol (5 μL, 2 equiv) was then added and the analysis was continued as
needed.

4.5.3 Synthesis of glycosyl donors
Ethyl 2,4,6-tri-O-benzyl-3-O-picoloyl-1-thio-β-D-glucopyranoside (4.8). To a solution
of ethyl 2,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside34 (0.20 g, 0.40 mmol) in CH2Cl2
(10 mL), picolinic acid (0.10 g, 0.80 mmol), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (0.155 g, 0.80 mmol), and 4-dimethylaminopyridine (0.01 g, 0.08 mmol)
were added and the reaction mixture was stirred under argon for 30 min at rt. The
resulting mixture was diluted with CH2Cl2 (~ 100 mL) and washed with sat. aq. NaHCO3
(30 mL) and water (2 x 40 mL). The organic phase was separated, dried with magnesium
sulfate, and concentrated in vacuo. The residue was purified by column chromatography
on silica gel (ethyl acetate – toluene gradient elution) to give the title compound as a
white amorphous solid in 93% yield. The analytical data for 4.8: Rf = 0.6 (ethyl
acetate/toluene, 2/3, v/v); 1H NMR: δ, 1.39 (t, 3H, 3J = 7.4 Hz, SCH2CH3), 2.84 (m, 2H,
SCH2CH3), 3.63 (m, 1H, J5,6a = 3.7 Hz, H-5), 3.72 (dd, 1H, J2,3 = 9.4 Hz, H-2), 3.81 (m,
2H, H-6a, 6b), 4.00 (dd, 1H, J4,5 = 9.6 Hz, H-4), 4.52-4.71 (m, 6H, 5 × ½ CH2Ph, H-1),
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4.89 (dd, 1H, 2J = 10.9 Hz, ½ CH2Ph), 5.66 (dd, 1H, J3,4 = 9.8 Hz, H-3), 7.08-7.41 (m,
15H, aromatic), 7.53 (m, 1H, Pico-H), 7.86 (m, 1H, Pico-H), 8.08 (d, 1H, 3J = 7.8 Hz,
Pico-H), 8.80 (d, 1H, 3J = 4.8 Hz, Pico-H) ppm.

Ethyl

3-O-benzoyl-2,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside

(4.12).

To

a

solution of ethyl 2,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside34 (0.06 g, 0.12 mmol) in
pyridine (10 mL), benzoyl chloride (0.02 mL, 0.18 mmol) was added and the reaction
mixture was stirred under argon for 3 h at 80 °C. The resulting mixture was diluted with
CH2Cl2 (≈ 100 mL) was washed with 1 N aq. HCl (3 x 20 mL) and water (2 x 40 mL).
The organic phase was separated, dried with magnesium sulfate, and concentrated in
vacuo. The residue was purified by column chromatography on silica gel (ethyl acetate –
hexane gradient elution) to give the title compound as a white amorphous solid in 96%
yield. The analytical data for 4.12: Rf = 0.65 (ethyl acetate/hexane, 2/3, v/v); 1H NMR: δ,
1.4 (t, 3H, J = 7.4 Hz, SCH2CH3), 2.85 (m, 2H, SCH2CH3), 3.60 (dd, 1H, J2,3 = 9.5 Hz,
H-2), 3.60 (m, 1H, H-5), 3.76-3.81 (m, 2H, H-6a, 6b), 3.86 (dd, 1H, J4,5 = 9.4 Hz, H-4),
4.52-4.64 (m, 4H, 2 x CH2Ph), 4.62 (d, 1H, J1,2 = 6.6 Hz, H-1), 4.70 (dd, 1H, 2J = 12.1
Hz, ½ CH2Ph), 4.84 (dd, 1H, 2J = 10.8 Hz, ½ CH2Ph), 5.60 (dd, 1H, J3,4 = 9.2 Hz, H-3),
7.05-8.02 (m, 20H, aromatic) ppm;

Ethyl

2,4,6-tri-O-methyl-3-O-picoloyl-1-thio-β-D-glucopyranoside

(4.14)

was

prepared as described for the synthesis of 4.8 from ethyl 2,4,6-tri-O-methyl-1-thio-β-Dglucopyranoside as a white amorphous solid in 97% yield. The analytical data for 4.14:
Rf = 0.63 (ethyl acetate/dichloromethane, 1/1, v/v); 1H NMR: δ, 1.36 (t, 3H, J = 7.5 Hz,
SCH2CH3), 2.81 (m, 2H, SCH2CH3), 3.41 (dd, 1H, J2,3 = 9.4 Hz, H-2), 3.45 (s, 6H, 2 ×
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OMe), 3.52 (s, 3H, OMe), 3.49-3.54 (m, 1H, H-5), 3.62-3.68 (m, 2H, H-4, 6b), 3.72 (dd,
1H, J6a,6b = 11.1 Hz, H-6a), 4.51 (d, 1H, J1,2 = 9.3 Hz, H-1), 5.51 (dd, 1H, J3,4 = 9.2 Hz,
H-3), 7.57 (m, 1H, Pico-H), 7.93 (m, 1H, Pico-H), 8.28 (d, 1H, J = 7.8 Hz, Pico-H), 8.86
(d, 1H, J = 5.5 Hz, Pico-H) ppm;

13

C NMR: δ, 14.9, 25.0, 59.4, 60.2, 60.5, 71.2, 77.5,

78.8, 79.2, 81.0, 84.7, 125.6, 127.1, 137.13, 147.9, 150.0, 164.5 ppm.

2,4,6-Tri-O-methyl-3-O-picoloyl-α/β-D-glucopyranose (4.18).

Bromine (0.012 mL,

0.24 mmol) was added to a solution of 4.14 (0.08 g, 0.22 mmol) in CH2Cl2 (2.0 mL) and
the resulting mixture was stirred for 30 min at rt. The volatiles were removed under
reduced pressure and the residue was dried in vacuo for 1 h. The residue was dissolved in
aqueous acetone (2 mL, 1/13, v/v), and silver carbonate (0.06 g, 0.22 mmol) was added
and the reaction mixture was stirred for 30 min at rt. After that, the solid was filtered off,
rinsed successively with CH2Cl2 and the combined filtrate (~ 50 mL) was washed with
sat. aq. NaHCO3 (20 mL) and water (2 x 20 mL). The organic phase was separated, dried
with magnesium sulfate, and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (methanol – dichloromethane gradient elution) to give the
title compound as a clear oil in 64% yield. Selected analytical data for α-4.18: Rf = 0.41
(methanol/dichloromethane, 1/9, v/v); 1H NMR: δ, 3.42-3.43 (m, 9H, 3 × OMe), 4.10 (d,
1H, J = 2.9 Hz, OH), 4.10 (m, 1H, H-5), 5.47 (dd, 1H, J1,2 = 3.3 Hz, H-1), 5.74 (dd, 1H,
J3,4 = 9.6 Hz, H-3), 7.49-8.82 (m, 4H, aromatic) ppm. Selected analytical data for β-4.18:
Rf = 0.41 (methanol/dichloromethane, 1/9, v/v); 1H NMR: δ, 3.40 (dd, 1H, J2,3 = 9.6 Hz,
H-2), 3.42-3.53 (m, 9H, 3 × OMe), 4.8 (dd, 1H, J1,2 = 7.6 Hz, H-1), 4.92 (d, 1H, J = 5.9
Hz, OH), 5.44 (dd, 1H, J3,4 = 9.6 Hz, H-3), 7.49-8.82 (m, 4H, aromatic) ppm.
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2,4,6-Tri-O-methyl-3-O-picoloyl-α-D-glucopyranosyl bromide (4.19). Compound 4.14
(0.03 g, 0.08 mmol) was dried in vacuo for 1 h, then dissolved in a freshly distilled
CH2Cl2 (5 mL), freshly activated molecular sieves (3 Ȧ) were added, and the resulting
mixture was stirred under argon for 1 h at rt. The mixture was cooled to 0 °C, bromine
(0.8 mL, 0.08 mmol) was added and the reaction mixture was stirred for 10 min at 0 °C.
The volatiles were removed under reduced pressure and the residue was co-evaporated
with dry CH2Cl2 (3 × 10 mL). The residue was dried in vacuo to afford 4.19 that was
used in subsequent transformation without further purification. The analytical data for
4.19: Rf = 0.28 (ethyl acetate/dichloromethane, 1/1, v/v); 1H NMR: δ, 3.39-3.45 (3s, 9H,
3 ⅹ OMe), 3.58 (dd, 1H, J2,3 = 9.7 Hz, H-2), 3.64 (dd, 1H, J6a,6b = 11.0 Hz, H-6a), 3.71
(dd, 1H, H-6b), 3.83 (dd, 1H, J4,5 = 9.8 Hz, H-4), 4.08 (m, 1H, J5,6a = 3.2 Hz, H-5), 5.77
(dd, 1H, J3,4 = 9.6 Hz, H-3), 6.62 (d, 1H, J1,2 = 3.7 Hz, H-1), 7.55 (m, 1H, Pico-H), 7.92
(m, 1H, Pico-H), 8.26 (d, 1H, J = 7.6 Hz, Pico-H), 8.82 (d, 1H, J = 4.2 Hz, Pico-H) ppm;
13

C NMR: δ, 58.2, 59.2, 60.3, 70.0, 74.9, 75.4, 75.7, 79.2, 89.6, 125.9, 127.1, 137.2,

148.0, 149.8, 164.4 ppm.

4.5.4 Synthesis of disaccharides
General procedure. Glycosyl donor 4.8 (0.05 mmol) and glycosyl acceptor (0.038 mmol)
were dried in vacuo for 1 h at rt. Molecular sieves (4 Å, 60 mg or 150 mg for 50 mM or 5
mM reaction, respectively) and freshly distilled 1,2-dichloroethane or dichloromethane
(1.0 mL for 50 mM reaction or 10.0 mL for 5 mM) were added and the resulting mixture
was stirred under argon for 1 h at rt. The mixture was cooled (-30 °C or -50°C) and the
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promoter was added. The external cooling was removed, and the reaction mixture was
allowed to warm gradually to rt for reactions longer than 2 h. Upon completion (see the
time listed in Table 4.1), the solid was filtered off through a pad of Celite and rinsed
successively with dichloromethane. The combined filtrate (~ 30 mL) was washed with
either sat. aq. NaHCO3 (10 mL) or 10 % NaS2O3 (10 mL), for DMTST and NIS/TfOH
promoted reactions, respectively), and water (2 x 10 mL). The organic phase was
separated, dried with magnesium sulfate, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (ethyl acetate – hexanes gradient
elution) to afford the corresponding disaccharide. Diastereomeric ratios were determined
by comparison of the integral intensities of relevant signals in 1H NMR spectra.

Methyl

O-(2,4,6-tri-O-methyl-3-O-picoloyl-β-D-glucopyranosyl)-(16)-2,3,4-tri-O-

benzyl-α-D-glucopyranoside (4.9) was obtained as a white solid from glycosyl donor
4.8 and glycosyl acceptor 4.2 in 85% yield (α/β = 1/23). Analytical data for 4.9: Rf = 0.55
(ethyl acetate/dichloromethane, 1/1, v/v); 1H NMR: δ, 3.40 (s, 3H, OMe), 3.55-3.60 (m,
3H, H-2, 4, 5’), 3.66 (dd, 1H, J2’,3’ = 9.6 Hz, H-2’), 3.75 (dd, 1H, J6a,6b = 10.9 Hz, H-6a),
3.80 (m, 2H, H-6a’, 6b’), 3.89 (m, 1H, J5,6a = 5.1 Hz, H-5), 3.95 (dd, 1H, J4’,5’ = 9.6 Hz,
H-4’), 4.06 (dd, 1H, J3,4 = 9.1 Hz, H-3), 4.23 (dd, 1H, H-6b), 4.51 (d, 1H, J1’,2’ = 7.7 Hz,
H-1’), 4.51-5.05 (m, 12H, 6 × CH2Ph), 4.66 (d, 1H, J1,2 = 3.1 Hz, H-1), 5.61 (dd, 1H, J3’,4’
= 9.5 Hz, H-3’), 7.00-7.42 (m, 30H, aromatic), 7.52 (m, 1H, Pico-H), 7.84 (m, 1H, PicoH), 8.02 (d, 1H, J = 7.8 Hz, Pico-H), 8.80 (d, 1H, J = 3.9 Hz, Pico-H) ppm;13C NMR: δ,
55.1, 59.4, 60.1, 60.8, 68.5, 70.0, 71.2, 73.4, 74.7, 75.0, 75.9, 77.2, 77.7, 78.0, 79.8, 81.1,
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82.1, 98.0, 103.6, 125.6, 126.5, 127.0, 127.7, 127.8, 127.9 (×3), 128.1 (×4), 128.4 (×4),
137.0, 138.1, 138.2, 138.6, 147.9, 149.4, 150.0, 164.6 ppm.
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CHAPTER 5

Synthesis of β-glucosides with 3-Opicoloyl protected glycosyl donors in
the presence of excess triflic acid:
broadening the scope
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5.1 Introduction
Chemical glycosylation is arguably the most important and challenging reaction
in glycochemistry. This reaction links together two glycosyl counterparts, glycosyl donor
and glycosyl acceptor, through the formation of a glycosidic bond. Due to their inherit
SN1-type nature, achieving stereoselectivity in these reactions is a constant struggle. To
solve this problem, various methods have been developed that attempt to control the
preferential formation of either 1,2-cis or 1,2-trans glycosides.1 Hydrogen-bond-mediated
Aglycone Delivery (HAD) glycosylation has been a convenient method for
stereoselective synthesis of glycosides using various substrates.2 In accordance with this
method, the glycosyl donor is functionalized with a protecting group capable of acting as
a hydrogen bond acceptor, which forms a hydrogen bond with the free hydroxyl group of
the glycosyl acceptor. This interaction was considered to be responsible for excellent
stereoselectivity achieved in the HAD reactions.2
In Chapter 4 we reported excellent β-stereoselectivity achieved in glycosidations
of 3-Pico functionalized glucosyl donors without the assistance of a participating group at
C-2. However, that stereoselectivity could not be explained by the occurrence of the
HAD pathway because this reaction utilizes NIS along with excess TfOH as the promoter
system. A preliminary mechanistic investigation of this reaction by NMR spectroscopy
revealed that protonation of the 3-Pico group takes place en route to the product
formation (Chapter 4). This was deemed to be a crucial step in this reaction. Further
NMR experiments showed the presence of an intermediate derived from the donor
substrate with an anomeric signal resonating at 6.9 ppm. After careful consideration and
elimination of alternatives, the identity of this new species was hypothesized to be the
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glucosyl triflate. In conventional glycosylations with glycosyl donors not containing Pico
substituents, the ethylthio leaving group is activated by the interaction with the iodonium
ion, causing the reaction to proceed via the oxacarbenium ion intermediate in a nonstereoselective manner. We believe that the reaction described in Chapter 4 follows a
different pathway depicted in Scheme 5.1.
Scheme 5.1. Proposed reaction pathway for the glycosylation of 3-Pico glucosyl donor
5.1 with acceptor 5.2 in the presence of excess TfOH

The 3-Pico donor 5.1 is first protonated in the presence of excess TfOH. The
approach of the triflate anion and the iodonium-assisted departure of the leaving group
occur simultaneously resulting in the concerted formation of the anomeric triflate A. The
stability of this intermediate lies in the extreme electron withdrawing ability of the
protonated Pico group of donor 5.1, disfavoring the formation of the electron deficient
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oxacarbenium ion. The subsequent nucleophilic attack of A proceeds via the SN2-like
displacement pathway providing excellent β-selectivity. With the general goal of
determining the scope of this new reaction and gaining further mechanistic insights,
presented herein is screening of various reaction conditions, studying other promoter
systems, and investigating the scope of glycosyl donors and acceptors.

5.2 Results and discussion
Through our previous investigation described in Chapter 4, it was discovered that
the stereoselective outcome of glycosylations is directly proportional to the amount of
TfOH added. Further improvements were observed when TfOH was specifically used in
excess to NIS. Thus, the best results were obtained when 2 x TfOH was used in relation
to NIS. Taking these reaction conditions as the benchmark, herein we present further
investigation of this reaction. Typical HAD reaction conditions applied to the
glycosidation of donor 5.1 to acceptor 5.2 produce disaccharide 5.3 in an excellent yield
of 90% albeit fairy low stereoselectivity α/β = 1/2.6 (Table 1, entry 1). The same
glycosylation reaction performed in the presence of NIS (1.2 equiv) and TfOH (2.5
equiv) produced disaccharide 5.3 in a similar yield of 85% but drastically improved
stereoselectivity α/β = 1/23 (entry 2). Our previous mechanistic study employed 3-Pico
donor 5.4 in which all remaining positions were methylated. Glycosidation of donor 5.4
was performed using the same promoter system, but for the purpose of the NMR
monitoring the reaction was conducted at -50 oC. These conditions were found to be very
favorable for glycosylation of acceptor 5.2 as well. Thus, glycosidation of 5.4 with 5.2 at
-50 oC in DCM produced the corresponding disaccharide 5.5 in 90% yield and complete
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β-stereoselectivity (entry 3). The solvent swap was needed to be able to perform the
reaction at -50 oC, at which temperature 1,2-DCE is solid. With these observations, we
decided to investigate the solvent and the temperature effects on glycosylation of
benzylated 3-Pico donor 5.1. The results of this study are surveyed in Table 5.1.
Over the course of this study, a steady drop in stereoselectivity was observed
when the reaction temperature was increased from -50 oC (α/β = 1/23) to room
temperature (α/β = 1/3.5, entries 4-9). This result was consistent with the proposed
reaction pathway taking place via the intermediacy of glycosyl triflate A, due to their
known instability at elevated temperatures (see Scheme 5.1).3 It should be noted that the
yield has also decreased following the reaction temperature increase from -50 oC (85%)
to room temperature (59%, entries 4-9). This trend could be explained by the occurrence
of the competing hydrolysis reaction that is accelerated at higher temperatures.
In order to reinforce our hypothesis and gain further insight into the mechanism
responsible for the excellent selectivity observed, we performed glycosylation by
preactivation wherein the donor is activated with the promotor and then then acceptor is
added. The reaction performed via the preactivation of glycosyl donor 5.1 provided
comparably high stereoselectivity, albeit reduced yield (41%) due to competing
hydrolysis. This result further reinforces the idea that this reaction that does not follow
the HAD pathway under these reaction conditions. Previously, it has been demonstrated
that that preactivation causes a complete loss of selectivity in the HAD reactions. This
was attributed to the necessity to form the hydrogen-bonded donor-acceptor pair for the
HAD effect to take place.2
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Table 5.1. Optimization of the reaction solvent and temperature for glycosidation of 5.1

Entry Donor (50 mM)
1
5.1 (5 mM)
2

5.1

3
5.4
4

5.1

5

5.1

6

5.1

7

5.1

8

5.1

9

5.1

Promoter (equiv)
Conditions, time

Product, yield,
α/β ratio

DMTST (2)
4Å MS, 1,2-DCE
-30 oC  rt, 3 h

5.3, 90%, 1/2.6

NIS(1.2)/TfOH(2.5)
4Å MS, 1,2-DCE
-30 oC, 30 min

5.3, 85%, 1/23

NIS(1.2)/TfOH(2.5)
4Å MS, DCM
-50 oC, 30 min

5.5, 90%, β only

NIS(1.2)/TfOH(2.5)
4Å MS, DCM
-50 oC, 30 min
NIS(1.2)/TfOH(2.5)
4Å MS, DCM
-30 oC, 30 min
NIS(1.2)/TfOH(2.5)
4Å MS, DCM
-10 oC, 30 min
NIS(1.2)/TfOH(2.5)
4Å MS, DCM
0 oC, 30 min
NIS(1.2)/TfOH(2.5)
4Å MS, DCM
10 oC, 30 min
NIS(1.2)/TfOH(2.5)
4Å MS, DCM
rt, 30 min

5.3, 85%, 1/23

5.3, 85%, 1/25

5.3, 70%, 1/11.5

5.3, 66%, 1/8.3

5.3, 70%, 1/5.6

5.3, 59%, 1/3.5
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We then endeavored to investigate the effect of the promoter on the outcome of
glycosylation. Previously investigated in Chapter 4 were NIS/TfOH and NBS/TfOH, and
the results obtained using these promoter systems are surveyed in entries 1 and 2 of Table
5.2. In most cases, the optimized conditions (excess of electrophilic reagent, resulted in
fast reaction times with high yields. Other reactions that employed standard catalytic
amounts of electrophilic promoter were allowed to warm up to room temperature as was
done with HAD reactions. All sluggish reactions were stopped after 24 hours. Both sets
of experiments showed a remarkable increase in stereoselectivity as we move from the
conventional ratio to excess TfOH. We then wondered whether the availability of the
proton provided by excess TfOH is essential for these reactions. First, we replaced TfOH
with trimethylsilyl triflate (TMSOTf) which has been reported to coordinate to Pico4 and
is often referred to as a “super proton” for its facile ionization. NIS/TMSOTf-promoted
reactions showed practically identical outcome (entry 3) as compared to that achieved
with NIS/TfOH (entry 1). On the other hand, NIS/AgOTf promoted reactions afforded
only a modest improvement upon increase from catalytic amount (α/β = 1/2.3) to excess
of AgOTf (α/β = 1/7.0, entry 4). AgOTf is often described as a reagent that allows for a
slow-release of triflic acid through its hydrolysis as the reaction progresses. Hence, we
believe that the modest increase in stereoselectivity can be attributed to the slow
availability of TfOH in this reaction. As a result of this study, we conclude that a
sufficiently available Pico coordinating source, excess TfOH or TMSOTf, is required to
achieve excellent stereoselectivity.
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Table 5.2. Investigation of promoters of glycosidation of donor 5.1 with
acceptor 5.2 at -50 oCrt in DCM

Promoter (equiv), time
Yield of 3, α/β ratio
NIS(2)/TfOH(0.2), 24 h
89%, 1/3.0
1
NIS(1.2)/TfOH(2.5), 30 min
85%, 1/23
NBS(2)/TfOH(0.2), 24 h
12%,a 1/3.1
2
NBS(1.2)/TfOH(2.5), 3 h
79%, 1/25
NIS(2)/TMSOTf(0.2), 24 h
79%, 1/2.6
3
NIS(1.2)/TMSOTf(2.5), 30 min
86%, β only
NIS(2)/AgOTf(0.2), 24 h
69%, 1/2.3
4
NIS(1.2)/AgOTf(2.5), 30 min
92%, 1/7.0
NIS(2)/AgOTs(0.2), 24 h
22%, 1/1.0
5
NIS(1.2)/AgOTs(2.5), 24 h
37%, 1.6/1
NIS(2)/MsOH(0.2), 24 h
No reactionb
6
NIS(1.2)/MsOH(2.5), 24 h
56%, 1/1.3
NIS(2)/HN(Tf)2(0.2), 24 h
62%, 1/1.0
7
NIS(1.2)/HN(Tf)2(2.5), 30 min
94%, 1/1.0
IDCH(2)/TfOH(0.2), 24 h
No reaction
8
IDCH(1.2)/TfOH(2.5), 30 min
83%, 1/7.2
IDCH(1.2)/TfOH(3.2), 30 min
82%, 1/13.3
a
- Glycosyl bromide was formed as the major by-product;
b
– 6-O-Mesylated acceptor was obtained along with unreacted starting materials
Entry

Subsequently, we endeavored to identify the role of the counterion in the reaction.
For this purpose, we selected the following co-promoters as replacements for TfOH. For
this purpose, we chose methanesulfonic acid (MsOH) and silver p-toluenesulfonate
(AgOTs). AgOTs was selected over p-toluenesulfonic acid because the latter exists as a
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monohydrate. Trifluormethanesulfonamide (HN(Tf)2) was also investigated because it
has a similar pKa to TfOH, -12.3 and -11.4, respectively,5 but it is unable to produce the
anomeric triflate intermediate. As a result of this study summarized in entries 5-7, these
additives were practically ineffective in enhancing the stereoselectivity of glycosylations.
The fact that all these reactions were non-stereoselective proves the importance of triflate
counter-anion and its relevance to the excellent stereoselectivity observed.
We then turned our attention to studying the effect of NIS on the reaction. To
identify the role of the succinimide counter ion, we changed the iodonium source from
NIS to iodonium(di-γ-collidine)hexafluorophosphate (IDCH).6 IDCH was chosen as an
alternative source of iodonium ion instead of the more common IDCP (perchlorate)
because of the presence of the nucleophilic perchlorate counter ion has been known to
participate in glycosylation reactions.3,11 Over the course of the study depicted in entry 8,
we observed a modest selectivity improvement using the optimized conditions.
Interestingly, further improvement in stereoselectivity was achieved when the amount of
TfOH was tripled in respect to IDCH. To explain this result, we hypothesize that excess
acid is required to quench the conjugate base of the iodonium source, two equivalents of
collidine, and still have a full equivalent to interact with the Pico group of the glycosyl
donor. From these experiments we are able to determine that while the triflate counter ion
is paramount to the selectivity, NIS is not directly involved in the glycosylation reaction
pathway. These results further reinforce our hypothesis that the reaction proceeds via the
formation of a reactive glycosyl triflate intermediate, which is subsequently attacked in a
SN2-like fashion providing the observed stereoselectivity.
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We next applied these reaction conditions to glycosylation of various acceptors.
As listed in Table 5.3, glycosyl donor 5.1 was glycosidated with various secondary and
electronically disarmed primary acceptors using the optimized conditions previously
determined in Chapter 4. Both yield and selectivity were reduced with secondary
glycosyl acceptors, showing only improved reaction time (entries 1-3). The optimized
conditions demonstrated moderate to high stereoselectivities for disarmed primary
acceptors (from 1/7.7 to 1/27, entries 4-6). Interestingly, the nucleophilicity of the
acceptor seemed to be directly proportional to the observed selectivity. This is to be
expected from an SN2-like pathway, and has shown to be a factor in the stereoselectivities
obtained from glycosyl triflates.7
To further expand the scope of this reaction, we investigated the glycosidation of
other picoloylated donors of the D-galacto and D-manno series. These substrates have
both been reported to form triflate intermediates,3 and could be glycosidated using the
HAD pathway.2 Galactosyl donor 5.18 afforded a modest improvement in selectivity
compared to that achieved with glucosyl donor 5.1. Nevertheless, the reaction still
seemed to follow a similar trend and the corresponding disaccharide 4.19 was obtained in
a good yield and the stereoselectivity improved from α/β = 1/2.5, achieved under normal
conditions, to α/β = 1/9.0 under the new conditions (entry 2, Table 5.4). The same cannot
be said of the mannosyl donor 5.20, which exhibited a complete reversal in selectivity
(entry 3). It is important to note that, similar to the glucosyl donor 5.1, the
stereoselectivities obtained with donors 5.18 and 5.20 were found to be proportional to
the ratios of NIS/TfOH employed, suggesting that the TfOH has a similar effect on the
reaction pathway. These results will be disclosed in subsequent articles.
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Table 5.3. Glycosidation of donor 5.1 with different glycosyl acceptors to determine
correlation between nucleophilicity and stereoselectivity

Entry

Acceptor

Time, yield, α/β ratioa
24 h, 57%, 2.1/1
1.5 h, 78%, 1/1.5

1
5.6

5.7
24 h, 68%, 1/1.7
1.5 h, 53%, 3.0/1

2
5.8

5.9
24 h, 40%, 1/2.0
1.5 h, 44%, 1/1.7

3
5.10

5.11
3 h, 67%, 1/2.4
30 min, 92%, 1/7.7

4
5.12

5.13
3 h, 87%, 1/3.0
30 min, 80%, 1/16.7

5
5.14

5.15
3 h, 86%, 1/2.6
30 min, 79%, 1/27

6
5.16

a

Product

5.17
– first set of data is for reaction under standard conditions
NIS(2)/TfOH(0.2) and the second set of data is for the new conditions
NIS(1.2)/TfOH(2.5)
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We next investigated whether these reaction conditions can be applied to glycosyl
donors bearing the Pico group at other remote positions. Interestingly, glucosyl donors
functionalized with 4- or 6-Pico group showed practically no change in stereoselectivity
(entries 3 and 4). These results demonstrate that using the newly optimized conditions,
stereoselectivity is only achieved with glycosyl donors bearing the 3-Pico substituent.
Considering that the HAD glycosylation method is optimal with donors functionalized
with 4- or 6-Pico groups,8,9 these results also reinforce a different reaction pathway.
The HAD method has previously been shown to suffer by the presence of excess
protic acid and/or preactivation of the glycosyl donor, both of which are well tolerated in
this new reaction. In addition, switching from the Pico group to its regioisomers, Nico
(meta-nitrogen), and iso-Nico (para-nitrogen) protecting groups, led to the complete loss
of stereoselectivity in the HAD reaction.2 Although the protonation of the Pico group is
expected to be optimal due to the stabilizing effects of the resulting five-member ring, the
Nico and iso-Nico protecting groups are still expected to be protonated and may exhibit a
similar affect under these conditions. Predictably, we observed a reduction in selectivity
with the Nico and iso-Nico donors, 5.26 and 5.28 (entries 6 and 7), compared to the Pico
donor 5.1. However, these substrates still exhibit improved β-selectivity using the
optimized conditions compared to no selectivity with the typical catalytic conditions.
These results further suggest that reactions under the newly optimized conditions do not
proceed through the HAD pathway. Comparing the results in Table 5.4 for Pico, Nico
and iso-Nico protecting groups; it appears that the same mechanistic pathway is occurring
with each donor but to different degrees. These variations are believed to arise from
different stabilities of the protonated protecting groups, altering the stereoselectivity.
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Table 5.4. Investigation of various glycosyl donor under new reaction conditions

Entry

Donor

Product, reaction time, yield, α/β ratioa

1

5.1

5.3, 24 h, 89%, 1/3.0
5.3, 30 min, 92%, 1/23
5.19, 24 h, 89%, 1/2.5
5.19, 30 min, 76%, 1/9.0

2
5.18

5.21, 24 h, 82%, 1/3.8
5.21, 30 min, 79%, 5.4/1

3
5.20

5.23, 24 h, 86%, 1.2/1
5.23, 30 min, 89%, 1/1.8

4
5.22

5.25, 2 h, 89%, 1/10
5.25, 30 min, 75%, 2.6/1

5
5.24

5.27, 24 h, 62%, 1/1.3
5.27, 30 min, 66%, 1/6.0

6
5.26

7
a

5.29, 24 h, 70%, 1/1.30
5.29, 30 min, 82%, 1/4.0

5.28
– first set of data is for reaction under standard conditions
NIS(2)/TfOH(0.2) and the second set of data is for the new conditions
NIS(1.2)/TfOH(2.5)
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In an attempt to identify changes correlating to the protonation that varies among
the donors in a similar manner to selectivity we turned spectroscopic studies. 1H NMR
analysis of each donor in the presence of TfOH (1 equiv) was performed to determine
possible chemical shift changes. As reported in Chapter 4, chemical shift changes are not
observed for the 3-O-benzoyl or per-benzylated thioglycoside derivatives. This is good
evidence that TfOH in the presence of a donor containing a Pico or analogous functional
group at position C-3 is the cause of any observed chemical shift changes.
Figure 5.1. The effect of protonation on chemical shifts observed with 3O-Pico, 3-O-Nico, and 3-O-iso-Nico donors

These spectroscopic studies revealed that in the presence of TfOH, several
chemical shift changes of various proton signals. Among these was the upfield shift of
the δ H-3 proton. In Chapter 4 this was postulated and qualitatively proven to be a result
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of π-π stacking with the neighboring benzyl substituents.10 Since each substrate contains
the same number and location of benzyl groups, the TfOH induced chemical shift
changes for each sample is a function of the electronic nature of the C-3 substituent. To
this extent the change in δ H-3 for each sample was found to follow the same trend as the
selectivity obtained in their glycosylation (5.1, ∆δ H-3 = 0.32 ppm; 5.26, ∆δ H-3 = 0.17
ppm; 5.28, ∆δ H-3 = 0.1 ppm). These results indicate that the Pico group experiences a
stronger electronic effect compared to the Nico and iso-Nico substituents, suggesting a
correlation between the C-3 electronics and the observed selectivity.

5.3 Conclusions
Excellent β-selectivity for the glycosylation 3-Pico glucosyl donors, without the
use of participating group, was found. This method utilizes the optimized NIS/TfOH
promoter conditions. A full investigation of this reaction was performed, revealing the
reactions dependence on the promoter system. While altering the halogen source was
tolerated, substitution of the triflate anion resulted in complete loss of selectivity.
Protonation of the Pico group was determined to be crucial in this reaction. Optimum
results were obtained when 2 equiv of TfOH was used in respect to NIS. Further
investigation using IDCH as the iodonium source confirmed the necessity to have enough
TfOH to quench the iodonium conjugate base and protonate the donor. Furthermore, the
stability or extent of the protonated pyridine ring was also found to be a key factor in
selectivity. The stability of the five-membered ring formed between the nitrogen and
neighboring carbonyl of the protonated Pico group affords dramatically improved
selectivity compared to the Nico and iso-Nico counterparts. The identity of the glycosyl
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donor and acceptor was also shown to be a determining factor in this reaction. The
nucleophilicity of the acceptor was found to be proportional to the selectivity obtained,
suggesting an SN2-like mechanism. Changing the donor substrate led to a variety of
results. Moving the Pico group to other remote positions was not well tolerated.
Galactosyl donors of this type showed good selectivity while mannosyl donors showed a
preference for the α-product. Since these stereoselectivities follow a similar trend with
the NIS/TfOH ratio as the glucosyl donor, it is suspected that the reaction pathway is
somewhat similar. The mechanistic pathway was thoroughly investigated and it was
found not to be a result of the HAD.

5.4 Experimental
5.4.1 General methods
Column chromatography was performed on silica gel 60 (70-230 mesh), reactions were
monitored by TLC on Kieselgel 60 F254. The compounds were detected by examination
under UV light and by charring with 10% sulfuric acid in methanol. Solvents were
removed under reduced pressure at < 40 °C. CH2Cl2 and ClCH2CH2Cl (1,2-DCE) were
distilled from CaH2 directly prior to application. Molecular sieves (4 Å) used for
reactions were crushed and activated in vacuo at 390 °C for an initial 8 h and then for 2-3
h at 390 °C directly prior to application. Optical rotation was measured at ‘Jasco P-2000’
polarimeter. Unless noted otherwise, 1H NMR spectra were recorded in CDCl3 at 300 or
600 MHz,

13

C NMR spectra were recorded in CDCl3 at 75 MHz. High resolution mass

spectrometry (HRMS) was carried out on ESI-TOF mass spectrometer.
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5.4.2 Synthesis of glycosyl donors
Ethyl 2,4,6-tri-O-benzyl-3-O-picoloyl-1-thio-β-D-galactopyranoside (5.18) To a
solution of ethyl 2,4,6-tri-O-benzyl-1-thio-β-D-galactopyranoside (0.20 g, 0.40 mmol) in
CH2Cl2 (10 mL), picolinic acid (0.10 g, 0.80 mmol), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (0.155 g, 0.80 mmol), and 4-dimethylaminopyridine (0.01 g, 0.08 mmol)
were added at rt. The reaction mixture was stirred for 30 min under argon and was poured
into a separatory funnel and washed several times with CH2Cl2. The resulting solution (≈
100 mL) was washed with sat. aq. NaHCO3 (10 mL) and water (2 x 10 mL). The organic
phase was separated, dried with magnesium sulfate, and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (ethyl acetate – toluene
gradient elution) to give the title compound as a white amorphous solid in 93% yield. The
analytical data for 5.18: Rf = 0.6 (ethyl acetate/toluene, 2/3, v/v); 1H NMR: δ,

Ethyl

2,4,6-tri-O-benzyl-3-O-nicoloyl-1-thio-β-D-glucopyranoside

(5.26)

To

a

solution of ethyl 2,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside6 (0.20 g, 0.80 mmol) in
CH2Cl2 (10 mL), nicotinic acid (0.10 g, 0.80 mmol), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (0.155 g, 0.80 mmol), and 4-dimethylaminopyridine (0.01 g, 0.08 mmol)
were added at rt. The reaction mixture was stirred for 30 min under argon and was poured
into a separatory funnel and washed several times with CH2Cl2. The resulting solution (≈
100 mL) was washed with sat. aq. NaHCO3 (10 mL) and water (2 x 10 mL). The organic
phase was separated, dried with magnesium sulfate, and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (ethyl acetate – toluene
gradient elution) to give the title compound as a white amorphous solid in 90% yield. The
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analytical data for 5.26: Rf = 0.42 (ethyl acetate/toluene, 2/3, v/v); 1H NMR: δ, 1.37 (t,
3H, 3J = 7.4 Hz, SCH2CH3), 2.83 (m, 2H, SCH2CH3), 3.68 (m, 2H, H-6a, 6b), 3.85 (m,
1H, J5,6a = 6.6 Hz, H-5), 4.08 (dd, 1H, J2,3 = 9.6 Hz, H-2), 4.23 (dd, 1H, J4,5 = 3.0 Hz, H4), 4.46-4.76 (m, 5H, 4 × ½ CH2Ph, H-1), 4.75 (dd, 1H, 3J = 10.6 Hz, ½ CH2Ph), 4.94
(dd, 1H, 3J = 10.7 Hz, ½ CH2Ph), 5.33 (dd, 1H, J3,4 = 9.6 Hz, H-3), 7.18-7.35 (m, 15H,
aromatic), 7.53 (m, 1H, Pico-H), 7.81 (m, 1H, Pico-H), 7.93 (d, 1H, 3J = 7.8 Hz, Pico-H),
8.84(d, 1H, 3J = 4.6 Hz, Pico-H) ppm;

Ethyl 2,4,6-tri-O-benzyl-3-O-isonicoloyl-1-thio-β-D-glucopyranoside (5.28) To a
solution of ethyl 2,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside6 (0.20 g, 0.80 mmol) in
CH2Cl2

(10

mL),

isonicotinic

acid

(0.10

g,

0.80

mmol),

1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (0.155 g, 0.80 mmol), and 4-dimethylaminopyridine
(0.01 g, 0.08 mmol) were added at rt. The reaction mixture was stirred for 30 min under
argon and was poured into a separatory funnel and washed several times with CH2Cl2.
The resulting solution (≈ 100 mL) was washed with sat. aq. NaHCO3 (10 mL) and water
(2x 10 mL). The organic phase was separated, dried with magnesium sulfate, and
concentrated in vacuo. The residue was purified by column chromatography on silica gel
(ethyl acetate – toluene gradient elution) to give the title compound as a white amorphous
solid in 89% yield. The analytical data for 5.28: Rf = 0.45 (ethyl acetate/toluene, 2/3,
v/v); 1H NMR: δ, 1.42 (t, 3H, 3J = 7.4 Hz, SCH2CH3), 2.86 (m, 2H, SCH2CH3), 3.61 (dd,
1H, J2,3 = 9.5 Hz, H-2) 3.64 (m, 1H, H-5), 3.85 (m, 2H, H-6a, 6b), 3.88 (dd, 1h, J4,5 = 9.6
Hz, H-4), 4.46 (dd, 1H, 3J = 11.2 Hz, ½ CH2Ph), 4.54-4.65 (m, 4H, 3 × ½ CH2Ph, H-1),
4.75 (dd, 1H, 3J = 12.1 Hz, ½ CH2Ph), 4.88 (dd, 1H, 3J = 11.2 Hz, ½ CH2Ph), 5.56 (dd,

Mannino | UMSL 2019 | Page 132

1H, J3,4 = 9.3 Hz, H-3), 7.04-7.44 (m, 16H, aromatic), 8.13 (m, 1H, Nico-H), 8.82 (d, 1H,
3

J = 4.8 Hz, Nico-H), 9.04 (s, 1H, Nico-H) ppm.

5.4.3 Synthesis of disaccharides
General procedure. The glycosyl donor (0.05 mmol) and glycosyl acceptor (0.038 mmol)
pair were dried in high vacuum for 1 h at rt. Molecular sieves (4 Å, 60 mg) and freshly
distilled 1,2-dichloroethane or dichloromethane (1.0 mL, 50 mM) were added and the
resulting mixture was stirred under argon for 1 h at rt. The mixture was cooled to -50 °C
and the promoter was added. The external cooling was removed, and the reaction mixture
was allowed to warm up to rt gradually for reactions longer than 2 h. Upon completion
(see the time listed in Tables 5.1-5.4), the solid was filtered off through a pad of Celite
and rinsed successively with dichloromethane. The combined filtrate (≈ 30 mL) was
washed with 10 % NaS2O3 (10 mL) and water (2 x 10 mL). The organic phase was
separated, dried with magnesium sulfate, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (either ethyl acetate – toluene or ethyl
acetate – dichloromethane gradient elution) to afford the corresponding disaccharide.
Diastereomeric ratios were determined by comparison of the integral intensities of
relevant signals in 1H NMR spectra.

Methyl

O-(2,4,6-tri-O-benzyl-3-O-picoloyl-α/β-D-glucopyransoyl)-(1-6)-2,3,4-tri-O-

benozyl-α-D-glucopyranoside (5.13) was obtained as a clear oil from glycosyl donor
5.12 and glycosyl acceptor 5.2 in 92% (α/β = 1/7.7) yield. Analytical data for β-5.13: Rf =
0.58 (ethyl acetate/toluene, 2/3, v/v); 1H NMR: δ, 3.46 (s, 3H, OMe), 3.57 (m, 1H, H-5’),
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3.66 (dd, 1H, J2’,3’ = 9.6 Hz, H-2’), 3.77 (m, 2H, H-6a’, 6b’), 3.92 (dd, 1H, J6a,6b = 11.0
Hz, H-6a), 4.00 (dd, 1H, J4’,5’ = 9.6 Hz, H-4’), 4.17 (dd, 1H, H-6b), 4.45 (m, 1H, J5,6a =
6.3 Hz, H-5), 4.46-4.70 (m, 5H, 2 ½ CH2Ph), 4.67 (d, 1H, J1’,2’ = 6.8 Hz, H-1’), 4.96 (dd,
1H, 2J = Hz, ½ CH2Ph), 5.27-5.34 (m, 2H, H-1, 2), 5.53 (dd, 1H, J4,5 = 9.7 Hz, H-4), 5.62
(dd, 1H, J3’,4’ = 9.5 Hz, H-3’), 6.24 (dd, 1H, J3,4 = 9.7 Hz, H-3), 7.05-8.02 (m, 33H,
aromatic), 8.81 (d, 1H, J = 6.4 Hz, Pico-H) ppm.

Methyl O-(2,4,6-tri-O-benzyl-3-O-picoloyl-α/β-D-galactopyransoyl)-(1-6)-2,3,4-tri-Obenzyl-α-D-glucopyranoside (5.19) was obtained as a clear oil from glycosyl donor 5.18
and glycosyl acceptor 5.2 in 76% (α/β = 1/9) yield. Analytical data for β-5.19: Rf = 0.69
(ethyl acetate/toluene, 2/3, v/v); 1H NMR: δ, 3.37 (s, 3H, OMe), 3.51 (dd, 1H, J4,5 = 9.9
Hz, H-4), 3.55-3.59 (m, 1H, H-2), 3.67-3.81 (m, 4H, H 6a, 6b, H-5’, H-6a’), 3.90 (m, 1H,
H-5), 4.02-4.09 (m, 2H, H-2’, H-3), 4.17-4.24 (m, 2H, H-4’, H-6b’), 4.50 (d, 1H, J1’,2’ =
7.8 Hz, H-1’), 4.52-4.87 (m, 10 H, 10 × ½ CH2Ph), 4.65 (d, 1H, J1,2 = 3.5 Hz, H-1), 4.94
(dd, 1H, 3J = 11.4 Hz, ½ CH2Ph), 5.03 (dd, 1H, 3J = 10.8 Hz, ½ CH2Ph), 5.28 (dd, 1H,
J3’,4’ = 10.1 Hz, H-3’), 7.08-7.84 (m, 33H, aromatic), 8.84 (d, 1H, 3J = 4.6 Hz, Pico-H)
ppm.
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APPENDIX
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CDCl3 at 600 MHz
Figure A-1: 1H NMR spectrum of p-tolyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside
(2.2)

CDCl3 at 75 MHz
Figure A-2:
(2.2)

13

C NMR spectrum of p-tolyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside
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CDCl3 at 600 MHz

Figure A-3: 2-D NMR COSY spectrum of p-tolyl 2,3,4,6-tetra-O-acetyl-1-thio-β-Dglucopyranoside (2.2)
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CDCl3 at 600 MHz
Figure A-4: 1H NMR spectrum of p-tolyl 2,3,4,6-tetra-O-benzoyl-1-thio-β-D-glucopyranoside
(2.3)

CDCl3 at 75 MHz
Figure

A-5:

13

C
glucopyranoside (2.3)

NMR

spectrum

of

p-tolyl

2,3,4,6-tetra-O-benzoyl-1-thio-β-D-
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CDCl3 at 600 MHz

Figure A-6: 2-D NMR COSY spectrum of p-tolyl 2,3,4,6-tetra-O-benzoyl-1-thio-β-Dglucopyranoside (2.3)
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CDCl3 at 600 MHz
Figure A-7: 1H NMR spectrum of O-(2,3,4-Tri-O-benzyl-6-O-picoloyl-β-D-glucopyranosyl)(1→6)-1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (3.5)

CDCl3 at 75 MHz
Figure A-8: 13C NMR spectrum of O-(2,3,4-Tri-O-benzyl-6-O-picoloyl-β-D-glucopyranosyl)(1→6)-1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (3.5)
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CDCl3 at 600 MHz

Figure A-9: 2-D NMR COSY spectrum of O-(2,3,4-Tri-O-benzyl-6-O-picoloyl-β-Dglucopyranosyl)-(1→6)-1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (3.5)
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CDCl3 at 600 MHz
Figure A-10:

1

H NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→6)-2,3,4-tri-O-benzoyl-α-D-glucopyranoside (3.7)

CDCl3 at 75 MHz
Figure A-11:

13

C NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→6)-2,3,4-tri-O-benzoyl-α-D-glucopyranoside (3.7)
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CDCl3 at 600 MHz

Figure A-12: 2-D NMR COSY spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranosyl)-(1→6)-2,3,4-tri-O-benzoyl-α-D-glucopyranoside (3.7)
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CDCl3 at 600 MHz

Figure A-13:

1

H NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→2)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (3.9)

CDCl3 at 75 MHz

Figure A-14:

13

C NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→2)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (3.9)
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CDCl3 at 600 MHz

Figure A-15: 2-D NMR COSY spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranosyl)-(1→2)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (3.9)
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CDCl3 at 600 MHz

Figure A-16:

1

H NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→3)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (3.11)

CDCl3 at 75 MHz

Figure A-17:

13

C NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→3)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (3.11)
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CDCl3 at 600 MHz

Figure A-18: 2-D NMR COSY spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranosyl)-(1→3)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (3.11)

Mannino | UMSL 2019 | Page 149

CDCl3 at 600 MHz
Figure A-19:

1

H NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (3.13)

CDCl3 at 75 MHz

Figure A-20:

13

C NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (3.13)
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CDCl3 at 600 MHz

Figure A-21: 2-D NMR COSY spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (3.13)
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CDCl3 at 600 MHz

Figure A-22:

1

H NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→4)-2,3,6-tri-O-methyl-α-D-glucopyranoside (3.15)

CDCl3 at 75 MHz
Figure A-23:

13

C NMR spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranosyl)-(1→4)-2,3,6-tri-O-methyl-α-D-glucopyranoside (3.15)
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CDCl3 at 600 MHz

Figure A-24: 2-D NMR COSY spectrum of Methyl O-(2,3,4-tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranosyl)-(1→4)-2,3,6-tri-O-methyl-α-D-glucopyranoside (3.15)
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CDCl3 at 600 MH

Figure

A-25:

1

H NMR
glucopyranoside (3.16)

spectrum

of

Ethyl

2,3,4-tri-O-benzyl-6-O-picoloyl-β-D-

CDCl3 at 75 MHz

Figure

A-26:

13

C NMR
glucopyranoside (3.16)

spectrum

of

Ethyl

2,3,4-tri-O-benzyl-6-O-picoloyl-β-D-
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CDCl3 at 600 MHz

Figure A-27: 2-D NMR COSY spectrum of Ethyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.16)
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CDCl3 at 600 MHz
Figure A-28: 1H NMR spectrum of 4-Azidobutyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.17)

CDCl3 at 150 MHz
Figure A-29:

13

C NMR spectrum of 4-Azidobutyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.17)
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CDCl3 at 600 MHz

Figure A-30: 2-D NMR COSY spectrum of 4-Azidobutyl 2,3,4-tri-O-benzyl-6-O-picoloyl-βD-glucopyranoside (3.17)
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CDCl3 at 600 MHz
Figure A-31: 1H NMR spectrum of 8-Trityloxyoctyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.18)

CDCl3 at 75 MHz
Figure A-32:

13

C NMR spectrum of 8-Trityloxyoctyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.18)
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CDCl3 at 600 MHz

Figure A-33: 2-D NMR COSY spectrum of 8-Trityloxyoctyl 2,3,4-tri-O-benzyl-6-Opicoloyl-β-D-glucopyranoside (3.18)
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CDCl3 at 300 MHz
Figure A-34:

1

H NMR spectrum of Benzyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.19)

CDCl3 at 75 MHz
Figure A-35:

13

C NMR spectrum of Benzyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.19)
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CDCl3 at 600 MHz

Figure A-36: 2-D NMR COSY spectrum of Benzyl 2,3,4-tri-O-benzyl-6-O-picoloyl-β-Dglucopyranoside (3.19)
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CDCl3 at 600 MHz
Figure A-37: 1H NMR spectrum of 2,2,2-Trichloroethyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranoside (3.20)

CDCl3 at 75 MHz
Figure A-38:

13

C NMR spectrum of 2,2,2-Trichloroethyl 2,3,4-tri-O-benzyl-6-O-picoloylα/β-D-glucopyranoside (3.20)
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CDCl3 at 300 MHz
Figure A-39: 2-D NMR COSY spectrum of 2,2,2-Trichloroethyl 2,3,4-tri-O-benzyl-6-Opicoloyl-α/β-D-glucopyranoside (3.20)
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CDCl3 at 600 MHz
Figure A-40:

1

H NMR spectrum of Isopropyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.21)

CDCl3 at 75 MHz
Figure A-41:

13

C NMR spectrum of Isopropyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.21)
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CDCl3 at 600 MHz

Figure A-42: 2-D NMR COSY spectrum of Isopropyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranoside (3.21)
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CDCl3 at 600 MHz
Figure A-43: 1H NMR spectrum of Cyclohexyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.22)

CDCl3 at 75 MHz
Figure A-44:

13

C NMR spectrum of Cyclohexyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.22)
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CDCl3 at 600 MHz

Figure A-45: 2-D NMR COSY spectrum of Cyclohexyl 2,3,4-Tri-O-benzyl-6-O-picoloylα/β-D-glucopyranoside (3.22)

Mannino | UMSL 2019 | Page 167

CDCl3 at 600 MHz
Figure A-46:

1

H NMR spectrum of t-Butyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.23)

CDCl3 at 75 MHz
Figure A-47:

13

C NMR spectrum of t-Butyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.23)
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CDCl3 at 600 MHz

Figure A-48: 2-D NMR COSY spectrum of t-Butyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.23)
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CDCl3 at 600 MHz
Figure A-49: 1H NMR spectrum of Adamantanyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.24)

CDCl3 at 75 MHz
Figure A-50:

13

C NMR spectrum of Adamantanyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.24)

Mannino | UMSL 2019 | Page 170

CDCl3 at 600 MHz

Figure A-51: 2-D NMR COSY spectrum of Adamantanyl 2,3,4-Tri-O-benzyl-6-O-picoloylα/β-D-glucopyranoside (3.24)
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CDCl3 at 600 MHz
Figure A-52:

1

H NMR spectrum of Phenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.25)

CDCl3 at 75 MHz
Figure A-53:

13

C NMR spectrum of Phenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.25)
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CDCl3 at 600 MHz
Figure A-54: 2-D NMR COSY spectrum of Phenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.25)
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CDCl3 at 600 MHz
Figure A-55: 1H NMR spectrum of p-Methoxyphenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranoside (3.26).

CDCl3 at 75 MHz
Figure A-56:

13

C NMR spectrum of p-Methoxyphenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/βD-glucopyranoside (3.26).
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CDCl3 at 600 MHz

Figure A-57: 2-D NMR COSY spectrum of p-Methoxyphenyl 2,3,4-Tri-O-benzyl-6-Opicoloyl-α/β-D-glucopyranoside (3.26).
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CDCl3 at 600 MHz

Figure A-58: 1H NMR spectrum of p-Nitrophenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.27).

CDCl3 at 75 MHz

Figure A-59:

13

C NMR spectrum of p-Nitrophenyl 2,3,4-Tri-O-benzyl-6-O-picoloyl-α/β-Dglucopyranoside (3.27).
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CDCl3 at 600 MHz

Figure A-60: 2-D NMR COSY spectrum of p-Nitrophenyl 2,3,4-Tri-O-benzyl-6-O-picoloylα/β-D-glucopyranoside (3.27).
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CDCl3 at 300 MHz
Figure A-61:

1

H NMR spectrum of Methyl O-(2,4,6-tri-O-methyl-3-O-picoloyl-β-Dglucopyranosyl)-(1-6)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (4.9)

CDCl3 at 300 MHz
Figure A-62: 2-D NMR COSY spectrum of Methyl O-(2,4,6-tri-O-methyl-3-O-picoloyl-β-Dglucopyranosyl)-(1-6)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (4.9)
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CDCl3 at 300 MHz
Figure A-63:

1

H NMR spectrum of Ethyl 3-O-benzoyl-2,4,6-tri-O-benzyl-1-thio-β-Dglucopyranoside (4.12)

CDCl3 at 300 MHz
Figure A-64: 2-D NMR COSY spectrum of Ethyl 3-O-benzoyl-2,4,6-tri-O-benzyl-1-thio-βD-glucopyranoside (4.12)
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CDCl3 at 300 MHz
Figure A-65:

1

H NMR spectrum of Ethyl 2,4,6-tri-O-methyl-3-O-picoloyl-1-thio-β-Dglucopyranoside (4.14)

CDCl3 at 75 MHz
Figure A-66:

13

C NMR spectrum of Ethyl 2,4,6-tri-O-methyl-3-O-picoloyl-1-thio-β-Dglucopyranoside (4.14)
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CDCl3 at 300 MHz

Figure A-67: 2-D NMR COSY spectrum of Ethyl 2,4,6-tri-O-methyl-3-O-picoloyl-1-thio-βD-glucopyranoside (4.14)
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CDCl3 at 300 MHz
Figure A-68: 1H NMR spectrum of 2,4,6-tri-O-methyl-3-O-picoloyl-α/β-D-glucopyranose
(4.18)

CDCl3 at 300 MHz
Figure A-69: 2-D NMR COSY spectrum of 2,4,6-tri-O-methyl-3-O-picoloyl-α/β-Dglucopyranose (4.18)
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CDCl3 at 300 MHz
Figure A-70: 1H NMR spectrum of 2,4,6-tri-O-methyl-3-O-picoloyl-α-D-glucopyranosyl
bromide (4.19)

CDCl3 at 75 MHz
Figure A-71: 13C NMR
glucopyranosyl bromide (4.19).

spectrum

of

2,4,6-tri-O-methyl-3-O-picoloyl-α-D-
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CDCl3 at 300 MHz

Figure A-72: 2-D NMR COSY spectrum of 2,4,6-tri-O-methyl-3-O-picoloyl-α-Dglucopyranosyl bromide (4.19)
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CDCl3 at 300 MHz
Figure A-73:

1

H NMR spectrum of Methyl O-(2,4,6-tri-O-benzyl-3-O-picoloyl-α/β-Dglucopyransoyl)-(1-6)-2,3,4-tri-O-benozyl-α-D-glucopyranoside (5.13)

CDCl3 at 300 MHz
Figure A-74: 2-D NMR COSY spectrum of Methyl O-(2,4,6-tri-O-benzyl-3-O-picoloyl-α/βD-glucopyransoyl)-(1-6)-2,3,4-tri-O-benozyl-α-D-glucopyranoside (5.13)

